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ABSTRACT
Our earth is covered with lots of extreme environments where only extremophiles
can survive. These environments include the glaciers, volcanoes, deep sea, radiation
polluted area and deserts and are usually found with extreme temperatures, salinity,
pressure and radiation. Extremophile enzymes are found in these extremophile organisms
and are with excellent properties like high thermostability. These extreme properties enable
extremophile enzymes to save the energy and time cost in industrial production. Therefore,
extremophile enzymes have been used in food processing, paper bleaching, detergent and
biosensors. Extremophile enzymes could be classified roughly into psychrophilic,
mesophilic and thermophilic enzymes based on their different temperature adaptation.
Psychrophlic enzymes are believed to function when temperature is below 20oC. In the
opposite, thermophilic enzymes tend to be functional when temperature is higher than
45oC. Enzymes exhibiting optimum temperature between 20oC and 45oC are considered as
mesophilic. The temperature adaptation of extremophile enzymes limit their application in
industry because their activities will be hampered when temperature is outside their
working range. Engineering the extremophile enzymes to make them robust and improve
the robust enzyme production can help conquer the temperature limitation in industry use
and save cost in production. In our work, we first focused on the engineering of a
thermophilic lipase to make robust enzymes, then we target on the non-conventional yeast
Yarrowia lipolytica to explore the approaches to improve the robust enzyme production.
In this work, we aim to improve the cold activity of thermophilic lipase to make
robust enzyme by studying the cold adaptation and active site flexibility. In addition to
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study the activity change over temperatures, MD simulation was also employed to analyze
the relation between enzyme structure and activity change. We found temperature
adaptation of enzymes are complicated and affected by substrate binding pocket and
enzyme structure fluctuation. Meanwhile, the cold activity was engineered without
sacrificing the thermostability, which corroborates the hypothesis that the cold activity and
thermostability are not exclusive. More importantly, charged residues were found to form
allosteric pathways to regulate the fluctuation of enzyme structure. Our work indicates that
allostery cannot be neglected when modify the enzyme temperature adaptation.
Finally, for a better production of robust enzymes, the secretory pathway in
Yarrowia lipolytica was studied. As one of the non-conventional oleaginous yeasts,
Yarrowia lipolytica is becoming more and more popular due to its uniques features such
as excellent secretory capacity and wide range of hydrophobic substrate utilization.
Previous studies to improve the protein production in Y. lipolytica mainly focused on
expression level and process optimization. In our work, several key enzymes were either
overexpressed or knocked out to tune the enzyme secretion level. Our combined strategy
in the secretory pathway engineering lead to 50 folds improvement in the secretion
capacity.
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CHAPTER ONE

INTRODUCTION AND BACKGROUND

1.1 Extremophile enzymes and industrial applications
Our planet harbors a large number of extreme environments that are far away from
anthrospheres. These environments include but not limited to ice glaciers, vocalnic area,
sea bottom and high-salinity ocean/rivers. The reason why these environments are not
suitable for human is because of the harsh conditions such as high/low temperatures,
oxygen deficiency, high pressure and salinity. However, these environments are not vacant,
they have been occupied by different types of microorganisms among which are mainly
bacteria and archaea.

These organisms adapting to their extreme niches are called

expremophiles. Based on the niche features, these microorganisms are classified into
thermophile, psychrophile, mesophile, alkalophile, acidophile, halophile, piezophile,
radiophile and microaerophile [1].
Among those extremophiles, thermophiles have attracted lots of attentions because
of the enormous values of thermophilic enzymes in industrial applications. These
microorganisms tend to thrive in environment with a temperature range between 50oC and
110oC [2]. Thermophilic enzymes tend to have stable structures and maintain high
activities when temperatures reach to the point at which general enzymes are usually
unfolded. The excellent durability of thermophilic enzymes at elevated temperatures have
1

given these enzymes advantages in industrial applications to reduce the risk of
contamination, easy mixing due to the decreased viscuosity, high mass transfer, separation
of volatile products during the process and higher solubility of substrates [1, 3]. Due to the
reasons outlined above, thermophilic enzymes have been widely applied in industrial
production and biotechnology tools. For example, thermostable laccase has shown higher
degree of pulp delignification than commercially employed mesophilic enzyme for
eucalyptus craft pulp [3]. Thermostable DNA polymerases like Taq has been developed
as a main way for molecular cloning experiment. Besides, other thermophilic hydrolases
such as amylases, pullulanase, glucosidases, cellulase and xylanases have also been widely
used in baking, starch, cellulose and textiles processing [4].
The stability of thermophilic enzymes can be attributed to charged surface residues,
larger hydrophobic core, shortened loops, disulfide bonds, protein-protein interactions and
oligomerization [5, 6]. Surface charge increases the interactions between water molecules
and the protein surface, which prevents the penetration of water molecules into the
hydrophobic cores. This concept has been applied to improve the thermal stability of
enzymes by replacing surface residues with arginine and proline [7, 8]. Inside the protein
structure, the increased size of the hydrophobic core is also believed to decrease the watersized cavities and decrease the flexibility of the internal structures [5]. Based on these
structural features, thermophilic enzymes are generally considered to be rigidifiedimproved resistance for structural unfolding as a mechanism for enhancing thermal
stability.
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In the opposite, psychrophilic enzymes were usually found in microorganisms
living in environment with temperature generally smaller than 20oC. Applications of these
cold enzymes have lots of advantages: low energy cost in the processing, decrease the
unwanted side-reaction caused by high temperatures, adaptable with the production of
heat-sensitive pharmaceuticals [3]. In industry, psychrophilic enzymes such as proteases,
amylases, lipases, mannases and cellulases have been marketed as additives in washing
detergents for low-temperature cleaning as well as food processing. In environment
remediation, cold enzymes can be used to eliminate pollutants including biopolymers,
phenolics and aliphatic and aromatic hydrocarbons. For example, cytochrome P450 alkane
alcohols is able to clean the oil spillage in low temepratures oceans [3, 9, 10]. It is generally
believed psychrophilic enzymes have evolved with increased flexibility and decreased
stability [11, 12]. This “exclusivity” between flexibility and stability in psychrophilic
enzymes has long been attributed to structural features such as the increased frequency of
alanine, aspartic acid, serine and threonine; the increase in small and neutral group
residues; and the increased percentage of

-coil structure [13, 14]. Moreover, other

structural features contributing to the cold activity include the small number of salt bridges,
a large amount of charged residues exposed at the protein surface, and a reduced number
of disulfide bridges [15].
Except for thermophilic and psychrophilic enzymes which are the main source of
industrial

application,

other

extremophilic

enzyme

such

as

halohilic,

alkaliphilic/acidophilic were also found to be useful in certain fields. Halophilic enzymes
are generally able to adapt to high salt concentrations higher than 4 M [16-18]. To better
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apply halophilic enzymes, aqueous/organic and nonaqueous media was used to maintain
the high solubilities [17, 19]. Akaliphilic/acidophilic enzymes can survive under extreme
pHs. The ability to maintain the neutral pH internally makes these enzymes valuable in
food processing, textile and detergent industries. These enzymes include protease,
amaylses, lipases etc [20]. Piezophilic enzymes are found from microorganisms surviving
in deep sea where pressures exceed 120MPa. Application of this type of enzymes can be
found in food processing where high pressure is needed to process the food materials [21].
Less common extremohpilic enzymes such as metallophilic, radiophilic and
microaerophilic haven seen obvious applications, but their existence provide potential
approaches to solve problems in industrial process, environment remediation and
molecular tool development [4].

Table 1 Classification of extremophiles and examples of applications of some of their
enzymes [4]
Type
Growth characteristics Enzymes
Applications
o
Thermophiles Temp > 80 C
Proteases
Detergents,
(hyperthermophile)
hydrolysis in food
o
and 60-80 C
and feed, brewing,
(thermophile)
baking
Glycosyl
hydrolases Starch, cellulose,
(e.g.
amylases, chitin, pectin
pullulanase,
processing, textiles
glucoamylases,
glucosidases,
cellulases, xylanases)
Chitinases
Chitin modification
for food and health
and health products
Paper bleaching
Xylanases, lipases,
Detergents, stereoesterases
specific
reactions(e.g. transesterification,
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DNA polymerases
Dehydrogenases

Psychrophiles Temp < 15oC

Proteases

Amylases
Cellulases
Dehydrogenases
Lipases

Halophiles

High salt, (e.g. 2-5 M
NaCl)

Proteases
Dehydrogenases

Alkaliphiles

pH > 9

Proteases, cellulases

Acidophiles

pH < 2-3

Amylases,
glucoamylases
proteases, cellulases
Oxidases

Piezophiles

Pressure-loving; up to
130 MPa

To be defined

organic
biosynthesis)
Molecular biology
(e.g. PCR)
Oxidation reactions

Detergents, food
applications (e.g.
dairy products)
Detergents and
bakery
Detergents, feed
and textiles
Biosensors
Detergents, food
and cosmetics
Peptide synthesis
Biocatalysis in
organic media
Detergents, food
and feed
Starch processing
Feed component
Desulfurizatio of
coal
Food processing
and antibiotic
production

1.2 Temperature adaptation of psychrophilic, mesophilic and thermophilic enzymes
As the most important source in industrial production, psychrophlic, mesophilic
and thermophilic enzymes has evolved into different mechanisms to adapt to the
environment temperatures. Structural features of psychrophilic and thermophilic enzymes
have been roughly categorized into the difference of the charged/polar/non-polar residues
distribution, the interaction between residue-residue and residue-solvent, the ratio of the
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secondary structures, the protein hydrophobic size and protein-protein oligomerization.
However, to understand how these structure features affect the temperature adaptation of
extremophile enzymes, the flexibility/stability need to be systematically studied.
-amylase has been used as the model enzyme to study the relation between
stability and activity by Feller et al. [22]. In this study, three structurally homologous amylase from Pseudoalteromonas haloplanktis (AHA), the pig pancreatic -amylase (PPA)
and Bacillus amyloliquefaciens -amylase (BAA) are taken as psychrophilic, mesophilic
and thermophilic enzymes. In the guandine chloride (GdmCl)-induced equilibrium
unfolding process, psychrophilic amylase AHA showed the structural unfolding transition
at lowest concentration of GdmCl (0.9 M). On the contrary, thermophilic amylase BAA
unfolded when the concentration of GdmCl reached to as high as 6.0 M. In between is the
mesophilic amylase PPA whose unfolding concentration is 2.6 M. These results together
proved that thermophilic amylase have higher conformational stability than mesophilic and
psychrophilic enzymes. The higher conformational stability in thermophilic amylase was
explained as the lower permeability from the flurescence quenching experiment. Besides,
calculation of the unfolding thermodynamic parameters revealed that thermophilic amylase
has less unfolding enthalpy and entropy compared to psychrophilic and mesophilic
amylases, suggesting that thermophilic amylase has less cooperativity in the inactivation
and unfolding process. Taken together, psychrophilic enzymes are believed to have higher
energy and less intermediate state in the unfolding process. While the energy of
thermophilic enzymes are relatively lower. Besides, thermophilic enzymes tend to have
more intermediate state. The relatively higher energy of the unfolded state of psychrophilic
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enzymes than thermophilic enzymes suggests the higher reversibility in the unfolding
process.

Figure 1. Proposed model of folding funnels for psychrophilic and thermophilic enzymes.
In these schematic energy landscapes, the free energy of folding or unfolding (E) is
represented as a function of the conformational diversity. Figure based off [22].
Table 2 Activation parameters for psychrophilic and mesophilic enzymes[23]
Enzyme

Source

T(oC)

kcat(s)
82.0
27.77
0.97
0.68
495.2
90.5
25.4
5.4
106.5
42.4
14.8
4.9
98.0
18.0
1.7
3.9

∆G#(kJ/mol) ∆H#(kJ/mol) T∆S#(kJ/mol) Ref.

1

Trypsin
Trypsin
Amylase
Subtiisin
Glucose-6phosphate
Xylanase
Chitobiase
Chitinase A

Psychrophilic
Mesophilic
Psychrophilic
Mesophilic
Psychrophilic
Mesophilic
Psychrophilic
Mesophilic
Psychrophilic
Mesophilic
Psychrophilic
Mesophilic
Psychrophilic
Mesophilic
Psychrophilic
Mesophilic

5
15
15
15
0
5
15
15

57.5
60.2
70.5
71.4
55.6
59.7
62.7
66.4
56.1
58.2
61.7
64.3
59.5
63.5
69.2
67.2

7

33.0
53.9
40.6
82.6
73.6
99.6
36
46
36.8
51.9
45.4
49.9
44.7
71.5
60.2
74.3

-24.5
-6.2
-29.9
11.3
18.0
39.9
-26.7
-20.4
-19.3
-6.3
-16.3
-14.4
-14.8
8.0
-9.0
7.1

[24]
[25]
[26,
27]
[28]
[29]
[30]
[31]
[31]

It was believed that the cold adaptation of psychrophilic enzyme was attributed to
the larger catalytic cavity which is more accessible to ligands. This opinion was
corroborated by larger Km values and broader substrate specificity of psychrophilic
enzymes [32, 33]. Besides, the thermodynamic parameters comparison between
psychrophilic and mesophilic enzymes at low temperatures also explain the cold adaptation
of psychrophilic enzymes (Table 1.2). As can be found, most of the mesophilic enzymes
tend to have smaller kcat values compared to psychrophilic orthologs. This could be
explained by the decreased activation enthalpy and entropy values which together make
smaller activation energy at lower temperatures. According to Arrhenius equation,
∆

∆

kcat =
a decreased ∆H contributes to the increase in kcat, while a smaller ∆S change exerts a
negative effect. The reason why kcat for the psychrophilic enzymes is higher than the
mesophilic/thermophilic homologues is that the ∆H values are smaller and ∆S values are
more negative, which together makes a smaller activation energy ∆G (Figure 1.2). The
lower activation enthalpy is believed to be the primary adaptation in psychrophilic enzymes
as it makes the rate less temperature-dependent [34]. With regard to structure,
psychrophilic enzymes need to maintain other stable domains and increase the flexibility
of the active sites to reduce the counter effect of ∆S [13, 35]. The increased flexibility in
the reactant state would imply a larger configurational space and result in a more negative
activation entropy if the configurational space in the transition state remains approximately
the same as in a mesophilic enzyme. This hypothesis is corroborated by the observations
on A4-
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Figure 2 Optimization of activity by decreasing substrate affinity in psychrophilic
enzymes. Reaction profile for an enzyme-catalyzed reaction with Gibbs energy changes
under saturating substrate concentration. Weak substrate binding (in blue) decreases the
activation energy (∆Gpsychro) and thereby increases the reaction rate. Figure based off [32].

lactate dehydrogenase and citrate synthase where both of them showed local flexibility, as
opposed to global distribution, in a certain domain of the enzyme [36, 37]. Similarly, the
fact psychrophilic enzymes lose activity before their structure is unfolded (Figure 1.3) also
depicts the uneven distribution of the intramolecular forces [22, 32, 38].
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Figure 3 Inactivation and unfolding of extremophilic enzymes. The activity of
psychrophilic enzymes (blue) is inactivated by temperature before unfolding of the protein
structure (lower panel) illustrating the pronounced heat-lability of the active site. In
contrast, inactivation of mesophilic (black) or thermophilic (red) enzymes closely
corresponds to the loss of protein conformation. Figure based off [22, 32]

Furthermore, differential scanning calorimetry (DSC) studies of multi-domain protein
phosphoglycerate kinases (PGK) showed the cold-adapted PGK exhibited higher stability
compared with its mesophilic counterparts on stable domains. Accordingly, it was
proposed the stability and flexibility can be evolved separately, and engineering the active
sites for improved flexibility could be a promising strategy to change the temperaturedependence of the enzyme or even make robust enzymes which can maintain activity
across a wide-range of temperatures [32, 39, 40].
10

1.3 Cold adaptation theories and cold activity engineering
1.3.1 Protein active site flexibility
As has been summarized above, inclusion of local flexibility into the active site will
show the potential to modify the temperature adaptation and make robust enzymes.
However, reports on engineering local active sites flexibility are scarce. An earlier study
of cold adaptation is about a mesophilic subtilisin-like protease. After rounds of random
mutagenesis and recombination, a mutant was generated with higher kcat/KM feature at
lower temperatures. Mutations were located both close to and far from the active sites, and
it was hinted the disruption of hydrogen bonds around the active sites may increase the
mobility and account for the cold-adaptation features [41]. Direct captures of the flexibility
around the catalytic domain were reported recently when key residues around the active
sites were mutated in the psychrophilic/mesophilic orthologue counterparts. A recent study
on Bacillus agaradherans cellulase Cel5A found the activation energy, enthalpy, and
entropy values can be decreased by disrupting the hydrogen bond interactions between
loops in which catalytic residues were located [42]. Designed mutants also display a higher
activity at low and warm temperatures. The cold enzyme-like features were concluded to
be caused by the increased fluctuation on active sites [42]. In this research, multiple
sequence alignment (MSA) between Cel5A and its mesophilic and psychrophilic
orthologues shared high overall identity with the exception that few residues around the
active sites are varied.
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1.3.2 Protein softness
Different with the active site flexibility theory, computer simulations on bovine
trypsin (BT) and Antarctic salmon trypsin (AST) revealed the significant flexibility is
located in the conserved residues on the protein surface in AST, which is the only structural
difference to explain its cold properties [43]. These conserved surface residues can be
found in all cold-adapted trypsins. Additionally, mutations on these two conserved residues
(N/Y97, S/D150) were able to increase or decrease the activation energy, enthalpy and
entropy values and make them more cold or warm adapted. It was proposed the cold
adaptation of AST can be attributed to the less polar residues and the disruption of
hydrogen bonding with water [43].
The protein surface flexibility on AST was further studied by establishing a
restraint in the enzyme at various depths from the protein surface [37, 44]. It was found the
values of activation enthalpy ∆H and activation entropy ∆S were gradually increased when
the restraint moves much deeper from the protein surface towards the internal core, despite
that the activation energy ∆G remaining relatively stable [36, 37, 43, 44]. The restraint on
the key residues in AST was able to produce similar thermodynamic properties with residue
97 mutant. Similarly, increased mobility was also found in the surface loops on a coldadapted elastase from salmon when its backbone simulation was compared with the
mesophilic Class I pancreatic elastase from porcine [45]. It was concluded the restraint on
the enzyme rigidified its surface softness, made it more warm-adapted, and the surface
softness is the origin for the temperature adaptation. The surface softness hypothesis was
supported later by the rational engineering of salmon pancreatic elastase [45]. In this study,
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residues located on the computationally predicted target loops in porcine pancreatic
elastase (PPE) were mutated into the corresponding conserved residues in salmon
pancreatic elastase (SPE). Some of the mutations were able to modify the properties by
altering the balance between the activation entropy and enthalpy values, and eventually
increase the kcat values at low temperatures.

Figure 4 Systematic variation of protein surface flexibility and its effects on
thermodynamic activation parameters. (A) Simulation sphere where solute atoms between
Rshell(18, 20, 22, 24, 26 and 30 Å) and 35 Å are restrained with a force constant of 100
kcal/(mol· Å2). (B) Thermodynamic activation parameters (300K) for the systems
restrained in A, showing that the parameters for cold-active trypsin are gradually converted
to those of the warm-adapted trypsin. Figure based off [37]
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1.3.3 Dynamic allostery
Allostery is generally described as the information coupling phenomenon between
residues in a protein. It is induced by a local perturbation and regulates the protein’s
structure, dynamics and functions via a large-scale transmission [46, 47]. Allostery was
recognized as being encoded in protein sequences by evolution, and those allosteric
coupling residues have been identified as co-varied in an evolutionary approach [48, 49].
It was proposed those co-varied residues in the evolution process can form networks, and
some of these networks have been associated with propagating the flexibility and
promoting the catalysis step by manipulating the motions on the surface loop to the active
sites [50-52]. The allosteric networks for motion propagation share common features after
characterization in different enzymes. First, networks connect surface loop regions to
conserved active-site residues that make direct contacts with the substrates. Second, loop
regions are generally flexible and contain non-conserved residues with long side-chains to
increase the solvent-enzyme thermal dynamical coupling. Third, bulk solvent fluctuations
are able to drive internal protein dynamics through those networks formed by hydrogen
bonds [50, 52].
Regarding the temperature adaptation of enzymes, recent studies also found the
importance of the internal transmission in adjusting the enzyme catalysis under various
temperatures. In a study of malate dehydrogenases in marine mollusks, Dong et al.
compared the structure differences between five thermally adapted congeners whose field
body temperatures spanned a range of 60oC[53]. Using molecular dynamics simulations,
they found two regions, MR1 and MR2, in cold adapted dehydrogenases have higher
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flexibilities when temperature is changed, and are also responsible for protein catalysis and
substrate binding. Mutations located outside these two regions are able to make the enzyme
more cold-adapted when serine in residue 291 is mutated to glycine in its orthologue [53].
Furthermore, the conformational transmissions from the relatively flexible surface residues
to the catalytic residues and substrate binding sites are able to regulate the temperature
adaptation of enzymes [54]. Similarly, dynamic allostery driving cold adaptation was also
found in adenylate kinase. In this study, mutation sites were targeted on local unfolding
regions including LID and AMP-binding domains. Mutation on the AMP-binding domain
was able to increase the kcat at every temperature by decreasing the activation entropy
values without interfering with the activation enthalpy value. This is achieved by the
dynamic allostery originating from the conformational entropy-enhancing mutations on the
surface [55]. It is these mutations that altered the fold-unfolded conformation distributions
and stabilized the locally unfolded state of mutant AMPbd, lowering the activation barrier
for product release and increasing the reaction rate [55]. In addition, the different effects
of mutations on substrate binding and product release proved the existence of segregated
roles of allostery in the enzyme function. In contrast with the hypothesis that nonconserved residues with long side chain increase the solvent–residue thermal dynamical
coupling, the less bulky glycine on the target mutation sites was able to increase the
percentage of the unfolded state of AMP-binding domain by disrupting the second structure
-helix. Visualization of this domain showed it is spatially separated from the rigid core
domain with only two loops connecting them, which produces entropy and propagates the
dynamic through the hinging loops to the core domain.
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Figure 5 Domain structure of E. coli adenylate kinase and sites of allosteric entropy-tuning
mutations. Entropy-enhancing Gly mutations. Changes from Val to Gly in the LID (left)
and Ala to Gly in the AMPbd (right) are visually quantified by amounts of locally unfolded
conformations. WT, wild type. Figure based off [55].
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Figure 6 Eyring plots of enzyme activity. LID mutations (red) do not deviate significantly
from the wild type (black); AMPbd mutations (blue) have lower activation energy and are
more active at all temperatures. Intercepts, converted to activation entropies (inset), are
similar between the LID mutants and the wild type. Results denote mean ± s.d. of two
mutations. Measured catalytic rate is represented by kobs, T is temperature, k and h are
Boltzmann and Planck constants, respectively. All Pearson correlations exhibited R2
values ≥ 0.992, with (slope, intercept) as follows: WT (5348.2, 6.6612), A37G (5716.4,
5.2145), A55G (5313.0, 5.8848), V135G (5261.4, 6.8835), and V142G (5412.2, 6.4336).
Bars represent the mean of the two indicated points. Figure based off from [55].
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The finding that the allosteric dynamics generated by the AMP-binding domain can
affect the temperature adaptation of enzyme provides a new direction on the rational design
of cold activity in enzymes. To rationally make enzymes more cold-adapted via allostery,
several questions need to be addressed. As stated above, not all the residues on the protein
surface can be targeted as the hotspots regulating the temperature adaptation. First, this is
because residues located on the protein surface are not playing the same roles as entropy
donors which work to generate dynamics and further affect the energetic barrier of
catalysis. A study on ubiquitin by Hacisuleyman et al (Figure 1.7) revealed residues
responsible for the entropy transfer in allosteric activity can be divided into entropy donors
and acceptors [56]. Entropy donors are generally found on the non-secondary structures on
the protein surface while entropy acceptors are found on the secondary structure inside the
protein core. Further, the entropy transfer between donors and acceptors is unidirectional
[56]. Therefore, it can be concluded the description of the surface softness theory from
Aqvist et al. regarding enzyme temperature adaptation might be inaccurate. The hypothesis
actually could be a reflection of the entropy change when certain mutations on the protein
surface make BT more cold-adapted. Although different constraint depths applied to the
enzyme in simulations altered the balance between entropy and enthalpy and eventually
changed the cold adaptation, this can also be explained by the fact the constraints impacted
the entropy transfer from the entropy donors on the protein surface in the allosteric activity.
Second, even though residues can act as entropy donors on the protein surface, not all the
dynamics can be propagated to the catalytic triad and alter the energy barrier of enzyme
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catalysis. This has also been proven by the different effects of unfolding on catalysis of
adenylate kinase in which the disruption of the secondary structure on the LID domain only
changed the binding affinity of the substrate without affecting the kcat value [55]. The effect
of entropic allostery has also been found to affect the binding affinity, stability, and
function in other proteins [56-61]. Therefore, rewiring the dynamics in the entropic
allostery is necessary to rationally change the temperature adaptation of an enzyme.

Figure 7 Structure of ubiquitin, residues that are colored in red are entropy acceptors and
residues that are colored in blue are the entropy donors. Figure based off [56].

1.3.4 Redirecting allosteric dynamics
As proven in the study of adenylate kinase, the dynamics, generated on the surface
by disrupting the secondary structures, is able to be transmitted separately to both the
substrate binding and active sites. The transmitted dynamics from the AMP-binding
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domain only exert effects by changing the activation entropy values without interfering
with the other enzyme structures or functions. This dynamic transmission approach
provides the possibility that dynamics generated on the protein surface can be redirected to
change enzyme functions. A protein is generally treated as a domino-like sequential set of
amino acids in which allostery is described as the spatial interactions between residues.
Tools to identify the allosteric pathways have been developed. As has been reviewed by
Dokholyan et al., the allosteric pathway identification methods can be roughly categorized
into both computational and experimental ones. The computational method includes a
physics-based approach, an evolutionary approach, ∅-value analysis and double mutant
cycles, while the experimental method includes NMR, small molecular screening, and
crystallography [47]. Additionally, many allosteric pathway identification online tools
have been developed [46, 62-65]. One appealing tool called “Ohm” was built recently
based on a network modeling approach which can yield solutions more efficiently than
simulation-based modeling. Among the computational approaches, statistical coupling
analysis (SCA) has proven successful and been applied in modifying the enzyme functions
[41, 48, 66-68]. This approach is based on the assumption that nature imposes evolutionary
pressure to preserve allosteric pathways in proteins. It requires the availability of family
members in multiple sequence alignment (MSA) [47]. Ranganathan et al. proposed that the
co-varied residues are important for the evolved functions of the enzymes, and the coupling
energy is based on the probability change of one residue i upon the other residue j [48, 49,
69].
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Figure 8 The simplified Ohm workflow. The Ohm workflow begins with input of the 3D
structure of a protein. Next, a contact matrix is calculated and a perturbation propagation
probability matrix is generated according to equations. The perturbation propagation
probability matrix provides the foundation of the perturbation propagation algorithm. If the
position of the active site is known, the perturbation propagation algorithm calculates ACIs
of all residues relative to the active site. Allosteric hotspots are identified based on ACI
values. If the position of both the active site and the allosteric site are known, the
perturbation propagation algorithm can determine the allosteric pathways that connect the
active site and the allosteric site. Further Ohm identifies critical residues in allosteric
pathways. If neither the active site nor the allosteric site is known, the perturbation
propagation algorithm can calculate allosteric correlations of each pair of residues. These
correlations are then clustered to interrogate how residues in the protein are allosterically
coupled. Figure based off [65].
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1.4 Protein production cell factory: nonconventional yeast Yarrowia lipolytica
1.4.1 Enzyme production market
Industrial application of extremophile enzymes not only relies on the improvement
of enzyme biochemical properties, but also requires the large yield of enzyme production.
Since the invention of recombinant protein expression technology, large quantity of
recombinant proteins including but not limited to enzymes, antibodies and hormones have
been produced and applied in enzymatic assay, vaccine development and disease treatment.
As shown in Table 1.3, developed cell factories used for the production of the recombinant
proteins can be roughly grouped into bacteria, yeast, mammalian cell, insect cell,
microalgae and plant cell, among which bacteria, yeast and mammalian cell are the main
cell factories for protein production [70, 71]. The rapid development of these diverse
systems reflects the expanding market in recombinant protein. According to the
biopharmaceutical market forecast from Industry Analytics Research & Consulting, the
global biopharmaceutical market size is $239.8 billion in 2019 and is growing at a
compound annual growth rate (CAGR) of 13.28% during the forecast period 2020-2025.
In the meantime, monoclonal antibodies, insulin, erythropoietin and vaccines are still
maintaining the leading positions in the global market share. Furthermore, the outbreak of
COVID-19 pandemic in 2020 will no doubt accelerate the revolution in vaccine
manufacturing in order to respond to future pandemics and outbreaks. As an important
portion in recombinant protein, enzyme market has seen significant increase with increased
concerns in environment, the demand for biofuel and the development in enzyme
engineering and green chemistry [72]. According to MarketsandMarkets, the enzymes
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market is predicted to reach $14.7 billion by 2025 with a CAGR of 6.7%. Global
urbanization, thorough research activities and regular modifications in bioprocess and
enzyme technology have reflected significantly in the enhanced demand and market of the
industrial enzymes [72].

Figure 9 Global enzymes market prediction from 2017 to 2025. Figure based off
https://www.marketsandmarkets.com/Market-Reports/enzyme-market-46202020.html.

Table 3 Comparison of different expression platforms features[70]
Platform/ho
st
Transgenic
plants

Overall Productio
costs
n time
very
medium
low

Plant cell
culture

mediu
m

Plant
viruses
Microalgae
Yeast

Scale-up
capacity

Propagat
ion

Product
yield

Product
quality

Contamination
risk

very high

easy

high

high

low

medium

medium

easy

high

high

very low

low

low

high

feasible

very high

low
mediu
m

high

high

easy

high

medium
high
high

medium

high

easy

high

medium
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very low
very low
low

medium (e.g.
endotoxins)
very high (e.g.
prions etc.)

Bacteria

low

low

high

easy

medium

low

Mammalian
cell culture

high

high

very low

hard

mediumhigh

high

Transgenic
animals

high

high

low

feasible

high

high

very high (e.g.
prions)

mediu
m

medium

high

feasible

high

medium

very low

low

high

high

easy

high

medium

low

Insect cell
culture
Filamentous
fungi

1.4.2 Nonconventional yeast
Nonconventional yeast including Yarrowia lipolytica, Pichia pastoris, Ogataea
polymorpha and Kluyveromyces lactis has attracted lots of attentions recently. Compared
with model yeast Sacchromyces cerevisiae, nonconventional yeast has advantages such as
high protein secretion, thermotolerance, high salinity tolerance and heavy metal resistance
etc. [73]. Early study of a comparison between nonconventional yeast (S. pombe, K. lactis,
H. polymorpha and Y. lipolytica) and S. cerevisiae on the secretion of several fungal source
enzymes found that all the nonconventional yeast tend to secrete more enzymes [74]. These
advantages put non-conventional yeast far ahead of S. cerevisiae and extend their use into
wine making and heterologous production of proteins. Detailed summary of nonconventional yeast can be found in Table 1.4.
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Table 4 Characterization of inhibitor tolerance of non-conventional yeasts-Yarrowia
lipolytica, Ogataea polymorpha, Pichia pastoris and Kluyveromyces lactis.
Conventional phenotype

Kluyveromyces
lactis

Pichia pastoris

Salt

High protein secretion,
growth on lactose
20 g/L
Thermotolerance,
tightly regulated
expression system,
beneficial glycosylation
for therapeutics

Ogataea
polymorpha

Yarrowia
lipolytica

Glucose

Tightly regulated
expression system, high
cell density on minimal
media, beneficial
glycosylation for
therapeutics, efficient
production of membrane
proteins
Efficient production of
lipids, growth on
glycerol and alkanes

Inhibitor tolerance levels
Oxidative
Temp. Ethanol
stress
45oC

Heavy
metals

Withstand up to
9.5% ethanol

1 M KCl o
50 C or
or 0.5 M
Less than 7%
more
NaCl

Tolerant

1.5 M
NaCl

60oC

12%
NaCl

15% after
45oC,
pretreatment 120 mM
<10
with low dose H2O2
min
H2O2

Tolerant
to
vandate,
cadmiu
m etc

Copper
and
cadmiu
m
resistan
ce

1.4.3 Protein secretion study in Y. lipolytica
Y. lipolytica are readily isolated from dairy products, but also from shoyu or from
salads containing meat or shrimps [75]. As a dimorphic yeast, Y. lipolytica exhibit different
colony shape and morphology based on the growth conditons(aeration, carbon and nitrogen
sources, pH etc.) [75]. It has excellent capability to assimilate substrate such as
hydrocarbons, fatty acid, alcohols, acetate [75]. Besides, it also secretes different kinds of
metabolites such as organic acids, lysine and proteins (including extracellular alkaline/acid
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protease, RNases, phosphatases, lipase and esterases). Y. lipolytica has much closer relation
to the filamentous fungi than other yeast genera in terms of organization of 18S rRNA
genes as well as the secretory pathway [76, 77]. The dimorphic nature of Y. lipolytica was
believed to contribute to the enhanced capacity for protein secretion because of the high
propensity towards remodeling of cellular membranes and cell wall structures, as well as
potent vesicular transportations [76]. However, application of dimorphic nature to improve
the secretory capacity has been seldomly published. A systematic comparison between Y.
lipolytica and S. cerevisiae explains why Y. lipolytica is a promosing alternate for protein
production (Table 1.5).
S. cerevisiae has both co-translaitonal and post-translational pathways for proteins
secretion while in Y. lipolytica co-translation pathway is dominant.The hydrophobicity of
the N-terminal signal influences the binding of signal recognization particle (SRP) [78]. In
Y. lipolytica, the amino acid composition and conformation of the singal peptide seems to
be the determinants of interaction with SRP [79]. Deletion of the SRP in S. cerevisiae
results in slowly growing strains and deficiency in the processing of the pre-secretory
proteins. In Y. lipolytica, the deletion of Sec65p encoding a 19kDa protein of the SRP
complex is lethal. In terms of ER exit mechanism, S. cerevisiae contains proteins Mst27,
Mst28, Prm8 and Prm9. Overexpression of Mst27 might lead to an increased production
of COPII vesicles or increased efficiency of the cargo packaging. Y. lipolytica lacks none
of these proteins found in S. cerevisiae.
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Table 5 Secretory traits comparison between Y. lipolytica and S. cerevisiae [76, 80, 81]
Traits

Y. lipolytica

S. cerevisiae

Secretome Size

299

156

Secretory
Machinery
Similarity

40% to Mammalian cell,
13% to S. cerevisiae

-

ER Quality
Control
(Calnexin
Cycle)

complete, extended
residence of misfolded
polypeptide in ER for
folding correction.

incomplete, absence of UGGT (UDPglucose:glycoproteinglucosyltransferase)

lack ⍺-1,3 mannosylation

contain all ⍺-1,3 mannosyltransferase
genes, resulting into hypermannosylated
protein and loss of activity or right
folding easily

Glycosylation in
Golgi

General approaches to improve the protein production includes (i) engineering the
DNA coding sequence, (ii) modification of a genetic construct structure, (iii) optimization
of culturing conditions, and (iv) engineering molecular mechanisms of protein synthesis
and secretion pathway [76, 82, 83]. Applied strategies of the protein production in Y.
lipolytica are caterogized into three types: (i) codon optimization, (ii) gene copy number
amplification, manipulation of gene regulatory elements on promoter, and (iii) downstream
culture optimization [76, 84-86]. Studies on the improvement of the protein yield through
the secretory pathway engineering are largely neglected. There are several key reports
focusing on the secretion signal engineering to improve the secretion efficiency in Y.
lipolytica. Among these reports, alkaline extracellular protease(AEP) encoded by XPR2
gene was frequently used as a model protein to modify the secretory pathway. The secretion
signal of AEP was found to be processed by signal peptidase, oligosaccharyl transferase in
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ER, dipeptidyl aminopeptidase in Golgi, and Kex2-like protease XPR6 before directing the
secretion of nascent polypeptide. Besides, most of heterologous secretory proteins have
been directed to the secretory pathway via AEP-derived or LIP2-derived pre-sequences or
their hybrids [76, 84, 87]. One of the recent studies on the secretory tags (pre-AEP, preLIP2, native pre-domain of SoAMY, pre-AEP-native-pre-domain) towards optimization of
heterologous production of alpha-amylase observed high efficiency of secretion upon
transcriptional fusion of the mature SoAMY polypeptide with pre-AEP [76, 88]. Besides,
potential secretion signals from the genome of Y. lipolytica have also been mined and tested
for better secretion of polypeptide [89].

1.4.4 Prospect of protein secretion
Recombinant proteins are preferred to be secreted from the cell factories for better
downstream isolation and purification. Diverse strategies have been applied to improve the
titer of the secreted proteins at expression and secretion levels. Approaches to improve the
gene expression level include codon optimization, maintaining the plasmid stability and
increasing the copy number of plasmid. Besides, methods to improve the efficiency of the
secretory pathway include the secretion signal engineering, vesicle trafficking engineering,
overexpression of chaperones, peptide transportation receptors and processing enzymes .
These targeted engineering approaches could be classified into technology wave 2 after
wave 1 where bioprocess optimization dominates for protein production. However, the
secretion of a single protein involves hundreds or thousands of genes in the cell machinery
and the incompetence of the secretion is also protein-dependent. Therefore, creating a
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protein production platform using system biology techniques is necessary for higher
demand of protein yield. Development of systematic engineering of cell factories for
enhanced production of the secreted protein need to identify potential targets by
quantitative understanding of the transcription, translation and intracellular metabolism
processes [90]. The plenty of generated omic datasets needs to be analyzed in a more
efficient way. By combining with machine learning algorithms, the production of
recombinant proteins could be simulated in models. The systematic biology study of cells
via omics technologies can be grouped as wave 3 [91].
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Figure 10 Systems biology- and metabolic engineering-aided potential exploring of yeast
cell factory for protein production. Rational engineering, mutagenesis, directed evolution
and screening of strains with trackable perturbations are approaches generating yeast
strains with improved protein productivity. Mutant/evolved/screened strains, engineered
strains and wild-type strain can be comprehensively analyzed by the integration of
different-omics datasets to reveal underlying mechanisms and principles. These knowledge
helps to understand the cellular networks deeper thus enhance the accuracy accordingly of
model-guided strain engineering from a system level. Meanwhile, key nodes or pathways
can be identified for a new round of rational/semi-rational engineering of strains for protein
production. Numbers in red color indicate the potential bottlenecks: (1) energy and building
blocks, (2) transcription, (3) translation, (4) protein folding, (5) postmodification, (6)
trafficking. Figure based off [91].
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1.5 Dissertation Outline
The need to engineer enzymes that can exhibit excellence in catalytic activity and
stability in industrial processing has resulted extensive exploration of extremophile
enzymes and studies of biochemical properties modification via directed evolution, rational
design and high-throughput screening etc.. In an effort to address the expanding demand
of enzyme in our daily life, microbial cell factories for protein production are explored or
engineered via pathway optimization, metabolism tuning and genomic scale knock
up/down/out strategies. This dissertation focues on the development of both robust
enzymes and potent enzyme secretion workhorse to address the challenge of robust enzyme
demand in industry.
Chapter 2 focuses on the rational design of a alkalophilic lipase from a thermophilic
strain Geobacillus thermocatenulatus (PDB code: 2W22) for better biochemical properties
of temperature adaptation. By replacing two residues with glycines, mutants exhibited
improved specific activities over substrate p-nitrophenol butyrate (C4) but not with
substrate p-nitrophenol octoanate (C8) and p-nitrophenol laurate (C12). Besides, the
thermostabilities of these mutants are not compromised. Circular dichroism spectroscopy
of these mutants revealed that there is no secondary change upon mutations. Furthermore,
thermodynamic characterization and molecular dynamic simulation revealed the inclusion
of psychrophilic traits in mutants and the allosteric property of the mutations. The main
results of experimental data in this chapter is submitted for publication at Biochemical
Engineering Journal.
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Chapter 3 focuses on the employment of statistical coupling analysis (SCA)
approach as a tool to analyze the allosteric residues of enzyme. In this chapter, a mesophilic
enzyme bovine trypsin (PDB code: 3PTB) was used as a model enzyme to study its
coevolved residues that may contribute to psychrophilic traits. In this chapter, we
successfully expressed bovine trypsin in yeast Y. lipolytica heterologously and design an
reliable and safe way to activate it from trypsinogen. These work provides a solide
foundation for the production of robust enzymes in Y. lipolytica. The manuscript of the
work in this chapter is in preparation.
Chapter 4 focuses on the development of a potent protein secretion platform in Y.
lipolytica. In this chapter, the secretory pathway was optimized by engineering the
combination of expression promoter and the secretion signal, overexpression of ER exit
receptor gene erv29 and endoprotease Ste13, and the knockout of the ER expansion related
gene pah1. Our combined strategies successfully improve the protein yield for more than
50 folds. The manuscript of the work in this chapter is in preparation.
Finally, conclusions and outlook for future works are discussed in Chapter 5. To
further improve the yield of robust enzymes, engineering the biochemical properties of
extremophile enzyme using high throughput mutagenesis and microfluidic droplet based
screening methods will not only obtain large quantity of robust enzymes, but also provide
large dataset for the robust enzyme rational design. Furthermore, the development of
genomic editing tools such as CRISPR-Cas9 also enable the further development yeast
strains to make potent enzyme production workhorse.
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CHAPTER TWO

RATIONAL ENGINEERING OF LOW TEMPERATURE
ACTIVITY IN THERMOALKALOPHILIC GEOBACILLUS
THERMOCATENULATUS LIPASE

2.1 Abstract
While thermophilic enzymes have thermostability desired for broad industrial
applications, they can lose activity at ambient temperatures far from their optimal.
Engineering cold activity into thermophilic enzymes has the potential to broaden the range
of temperatures resulting in significant activity (i.e., decreasing the temperature
dependence of kcat). Even though it has been widely suggested that cold temperature
enzyme activity results from active flexibility that is at odds with the rigidity necessary for
thermostable enzymes; however, directed evolution experiments have shown us these
properties are not mutually exclusive. In this study, rational protein engineering was used
to introduce flexibility inducing mutations around the active sites of Geobacillus
thermocatenulatus lipase (GTL). Two mutants were found to have enhanced specific
activity compared to wild-type at temperatures between 283 K to 363 K with p-nitrophenol
butyrate but not with larger substrates. Kinetics assay revealed both mutations resulted in
psychrophilic traits, such as lower activation enthalpy and more negative entropy values
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compared to wild type in all substrates. Furthermore, the mutants had significantly
improved thermostability compared to wild type enzyme, which proves that it is feasible
to improve the cold activity without trade-off. The molecular dynamic simulation work
quantify the structural change and explain the multiple unexpected properties upon
mutations. Our study provides insight into the enzyme cold adaptation mechanism and
design principles for engineering cold activity into thermostable enzymes.

2.2 Introduction
Extremophile enzymes are of central interest to understand the molecular origin of
the relation between enzyme activity-stability and temperature [1-6]. Their unique
properties have been exploited across the food, chemical and pharmaceutical industries [7].
Thermophilic enzymes are usually found in microorganisms growing at high temperature
(between 45oC and 121oC). To retain functional activity, thermophilic enzymes have
evolved structural traits such as charged surface residues, large hydrophobic cores,
shortened loops and disulfide bonds, which provide larger barriers to thermally induced
unfolding [8, 9]. In contrast, psychrophilic enzymes have no such evolutionary pressures
on stability. They do, however, have to defy the exponential activity-temperature
relationship to function at low temperatures (< ~20oC) with rates similar to meso- and
thermophiles at their optimal temperatures [10, 11]. Structural features contributing to the
cold activity include a smaller number of salt bridges, a reduced number of disulfide bonds
and increased frequency of small and neutral amino residues [2, 12-14].
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The relationship between the psychrophilic enzyme structural traits and cold
adaptation have been discussed systematically before [2, 10, 15-20]. According to Feller
et al., psychrophilic enzymes tend to have lower activation enthalpy (∆H) and more
negative activation entropy (∆S) values [17]. The lower activation enthalpy is believed to
be the primary adaptation in psychrophilic enzymes as it makes the rate less temperaturedependent [21]. Reflected on the structure, psychrophilic enzymes need to maintain other
domains stable while increasing the flexibility of the active sites to reduce the counter
effect of ∆S [2, 17]. The increased flexibility in the reactant-bound-enzyme state would
imply a larger configurational space and result in a more negative activation entropy (i.e.,
a greater loss of configurational entropy) if the transition state remains approximately the
same as in the wild-type enzyme. This was supported by the higher measured MichaelisMenten (Km) constants of several psychrophilic enzymes compared to their mesophilic
counterparts, which is an indication of weak interactions between enzyme and substrate
[17].
The notion that cold activity and thermostability in enzymes has been repeated
throughout the literature [22]; however, Differential Scanning Calorimetry (DSC) studies
of multi-domain protein phosphoglycerate kinase (PGK) showed that PGK exhibited
higher stability when compared with its mesophilic counterpart on stable domains [23]. It
was then proposed that the thermostability and cold activity can evolve separately [15, 16,
23]. Therefore, engineering the active sites by increased flexibility could be a promising
strategy to rationally change the temperature-dependence of the enzyme and make robust
thermostable enzymes that can maintain activity across a wide range of temperatures [16].

47

Earlier studies of cold activity engineering in subtilisin-like protease relies on random
mutagenesis and recombination [24]. One of the recent cold adaptation engineering via
rational design was achieved on Bacillus agaradherans cellulase Cel5A [25]. In this study,
activation energy, entropy and enthalpy values were reduced by disrupting the hydrogen
bonds around the catalytic residues. The increased activity at low and warmer temperatures
from the designed mutants were attributed to the increased fluctuation proximal to the
active site [25].
In our study, Geobacillus thermocatenulatus lipase 2 was used as a model enzyme
to rationally engineer cold activity. We hypothesized that replacing residues around the
active sites with smaller size amino acids could introduce flexibility to the active site. Most
mutants showed insoluble expression and significant reduction in their specific activities.
Of the designed mutants, only E316G and E361G were soluble and both exhibited
improved specific activity than wild-type (WT) on substrate p-nitrophenol butyrate (C4).
Kinetics experiment indicated that both mutants showed reduced activation enthalpy and
entropy compared with WT, a cold-adaptation feature found in psychrophilic enzymes.
Although the specific activity of mutants for longer substrates p-nitrophenol octanoate (C8)
and p-nitrophenol laurate (C12) was less than the specific acitvity of the wild-type lipase,
similar decrease in activation enthalpy and entropy was observed. Last but not the least,
quantification of the overall flexibility/rigidity change and the residue interactions reflect
the allosteric properties.
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2.3 Materials and Methods
All chemicals used in this study were obtained from Sigma Aldrich. Cloning related
enzymes were purchased from New England Biolabs (NEB). ZyppyTM Plasmid Miniprep
kit and DNA Clean & ConcentratorTM kit were purchased from Zymo Research. Gene
fragment of GTL was codon optimized using COOL (http:///cool.syncti.org) and
synthesized from Eurofins company. Oligos used for the site directed mutations were
purchased from IDT DNA.

2.3.1 Cloning, mutagenesis and purification experiments of GTL
Plasmid propagation and subcloning was performed using Escherichia coli DH10β
competent cells (NEB). The codon optimized GTL gBlock (Supporting Information Table
1) was cloned into pET15b vector using sequence and ligation independent cloning[1].
Transformation in chemically compotent E. coli was performed using standard heat shock
methods. Two step site directed mutagenesis (using primers described in Supporting
Information Table 2) was used to introduce mutations[2]. In brief, PCR was performed
with reaction mixture containing forward and reverse primer separately for 5 cycles and
were combined together and for another 16 cycles using the same PCR protcol. All
mutations were verified by Sanger sequencing. WT and mutant plasmids were miniprepped
and transformed into E. coli BL21(DE3) competent cells (NEB). A single colony was
picked and inoculated into 5 mL of LB+Amp medium in a 15mL falcon tube. Overnight
cultures were then transferred into 1 L of LB+Amp medium in a 2.8 L baffled shake flask
and incubated at 310 K, 225 rpm. When the OD600 reached 0.4-0.6, expression was induced
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at 291 K with 0.2 mM IPTG (isopropyl β-D-1-thiogalactopyranoside) for 10 hours. The
cell pellets harvested and then sonicated in 50 mM Tris-HCl at pH 7.4 and 500 mM NaCl
buffer and then clarified by ultracetrifugation. The filtered supernatant was loaded on to a
Ni-nitrolotriacetate (Ni-NTA) column (GE, USA). The proteins were eluted with a 40mM
imidazole buffer and buffer exchanged with 20 mM Tris-HCl buffer at pH 8.0 using 10
kDa cutoff Amicon ultrafilter (Millipore, USA). The final concentration (C) of purified
was measured using NanoDrop A280 (Thermo Fisher, USA) according to Beer’s law: C =
A ∗ (MW)/ε()*+,, where A is the absorbance, MW is the molecular weight of the protein,
the concentration is in mg/mL. The extinction coefficient ε()*+, was calculated from the
website (web.expasy.org).

2.3.2 Enzymatic activity assay
The lipase activity was measured using p-nitrophenol esters (p-nitrophenol
butyrate, p-nitrophenol octanoate and p-nitrophenol laurate). Upon hydrolysis, the released
p-nitrophenol (pNP) exhibits a characteristic maximum absorbance at 405 nm. A 1 ml
reaction mixture was prepared for the enzymatic assay as follows: 950 µl of 50 mM TrisHCl buffer at pH 8.0 containing pure enzyme, 40 µl pure ethanol, and 10 µl of 10 mM pnitrophenol ester in acetonitrile. The blank mixture was prepared with enzyme-free
solution. The reaction mixture containing substrate was incubated in mini dry bath (Fisher
Scientific, USA) till it reached to the desired temperature (confirmed with a temperature
monitored blank reaction), and then enzyme was added to trigger the reaction. Each
reaction was incubated at a specified temperature in a mini heating block for 5 minutes,
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before rapidly moving to the plate reader for measurement. The released pNP (extinction
coefficient ε=16,000 M-1cm-1) was measured at 405 nm using Epoch 2 plate reader (Biotek,
US) set to 37°C and subtracting the blank reading. One unit of enzyme activity was defined
as 1 µmol pNP liberated per minute per microgram enzyme. All measurements were made
in at least triplicate.

2.3.3 Analysis of biochemical properties
Thermal stability was measured by incubating purified enzymes in a mini dry block
at 343 K for 0 or 3 hours. The residual activity was determined using the standard
enzymatic activity assay at 323 K. The fractional activities retained for both WT and
mutants were calculated by dividing the 3 hour-incubation activities by the 0 hoursincubation activity. All measurements were made in at least triplicate.
The kinetics parameters (Vmax, Km) of the WT and mutants were determined by
using Epoch 2 plate reader (BioTek, USA) at different temperatures ranging from 303 K
to 338 K with 5 K increments. The absorbance values were corrected with extinction
coefficients that are corrected for temperature dependence. Initial rates were determined
using 0.1 µM enzyme in 200 µl buffer, and a range of substrate concentrations: from 50
µM to 800 µM for C4, and from 5 µM to 80 µM for C8 and C12. All measurements were
made in at least triplicate. Kinetic parameters were determined by a non-linear least squares
regression performed in Prism 6. The kinetic rate constant, kcat, was determined by dividing
Vmax by the specific activity of each enzyme preparation. Van’t hoff plots were created by
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linear regression of a semi-log plot of kcat as a function temperature, taken over the linear
range of data.

2.3.4 CD spectroscopy
CD measurements were performed with Jasco-J-810 CD spectropolarimeter (Jasco,
Japan). The measured enzymes were dissolved in 10 mM potassium phosphate pH 7.0.
300 µL pure protein solution was added to a 1 mm pathlength quartz cuvette (Starna Cells,
USA). The scanning wavelength starts from 300 nm and ends at 190 nm, with a 2nm
decrement, accumulating 6 scans. Spectra were corrected for background by subtracting
buffer-only spectra. The circular dichroism in units of milidegrees (mdeg) were converted
into molar ellipticity using the equation: Θ= mo• 100/(L•C). mo is the raw output in mdeg,
C is the protein concentration in mM, L is the cell pathlength in cm. The secondary
structure content was calculated by spectral deconvolution using CDpro continll.

2.3.5 Molecular dynamics simulations
2.3.5.1 System setup
The strating structure of WT was obtained from the protein database bank (PDB)
using the PDB ID:2W22. All non-protien atoms apart from cofactor metal ions were first
stripped from the crystal structure and the missing 1Net residue in the resulting crystal
structure at N-terminus was added using Swiss-PdbViewer. Both the mutant structures
were constructured by mutating respective Glu (residues 316 and 361) with Gly from the
WT structure using Swiss-PdbViewer. The side chains with the lowest rotamer score was
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chosen for adding 1Met and for mutation. The dimensions of the cubic periodic simulation
box was estimated (9×9×9 nm3) using the radius of gyration (~2nm) of crystal structure
of WT.

2.3.5.2 Simulation details
Each enzyme (WT and mutants) was first placed in the center of the box and the
energy was minimized using steepest descent algorithm until convergence or to a
maximum of 500000 steps. Amber99SB-ILDN force field 23 was employed to describe
the protein. A cutoff distance of 1.0 nm was used for calculating the short-range nonbonded
Lennard-Jones and Coulombic interactions. Particle mesh Ewald summation method was
applied to compute the long-range electrostatic interactions. LINCS algorithm was
employed to constrain the bonds between non-hydrogen and hydrogen atoms in the protein.
The Verlet list method was used for updating the neighbor lists during the simulations. The
minimized structures were then solvated using 22400 water molecules that are represented
by TIP3P water model, which is compatible with Amber99SB-ILDN. Counter chloride
ions were then added by replacing randomly selected water molecules to neutralize the net
positive charge of each system. The resulting systems were subjected to an additional
energy minimization run to prevent any high energy contacts between water and protein
atoms added during solvation. SETTLE algorithm was used for constraining relative
positions of atoms in the water. This was followed by a short equilibration MD simulation
for 1 ns with 2 fs time step in a NVT ensemble and then for 1 ns with 2 fs time step in a
NPT ensemble. Long-range dispersion corrections were applied for calculating both energy
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and pressure. Bussi et. al., velocity rescaling thermostat and Berendsen barostat were used
to control the temperature and pressure during the equilibration process. The final
production simulations were performed in a NPT ensemble for 350 to 450 ns with 2 fs as
timestep using Nose-Hoover thermostat3 and Parinello-Rahmanbarostat. The simulations
were performed at 5 temperatures ranging from 280 K to 360 K with 20 K increment, and
a constant pressure of 1 bar. The trajectories from the production simulations were saved
every 5 ps for analysis. GROMACS-5.0.2 was used for preparing and conducting the
simulations. VMD-1.9.3 and UCSF Chimera were used for visualizing the trajectories.

2.3.5.3 Quantification of flexibility
RMSF using MD trajectories in ps-ns timescale is often used to relate differences
in activity-stability and flexibility of proteins. Flexibility of proteins is also interpreted
from a structural or mechanical engineering perspective, where it refers to the ability of an
atom in a protein constraint network to move upon application of external force. This
interpretation is related but not the same as flexibility measured by RMSF because it is
based on a static and not a dynamic structural network. To quantify the flexibility of an
atom in a protein according to this interpretation, graph theory based approaches were
developed. In these approaches, an atom in a graph is considered flexible if it has free
degrees of freedom within the protein constraint network.
Body-and-bar is one of the common model used for constructing the protein
constraint network, where the number of bars (constraints) between atoms are dependent
on the nature of their interaction. For capturing the relative strength of interactions - six,
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five, and two bars are used for describing covalent, hydrogen-bond or salt-bridges, and
hydrophobic interactions, respectively. Hydrogen-bonds and salt-bridges are included as
constraints within the protein network only when the strength of such interaction is beyond
a cutoff value (Ehb). While initial studies used thermal energy as Ehb, later studies related
the Ehb to temperature. Folding-unfolding transition is thus simulated and the phase
transition temperature is calculated by constructing networks at different values of Ehb. The
hydrophobic interactions are identified by a distance criterion between carbon and/or sulfur
atoms, and are maintained constant at different values of Ehb. Gohlke’s group established
the relation between Ehb and temperature by comparing the Ehb of transition and melting
(or growth) temperatures of extremophilic proteins calculated experimentally. Here, we
use the rigidity index (ri) to measure flexibility/rigidity according to structural/mechanical
engineering perspective. ri is calculated for each backbone bond of C atom and the
reported value is the average value of both the bonds in the units of energy when a bond
bond breaks apart from any rigid cluster (no relative motion) in the protein body-bar
network.

2.4 Results
2.4.1 Mutation Design
GTL is a large thermoalkalophilic lipase with a molecular weight of ~43 kDa and
optimal activity at 338 K and pH 8-10 [26]. The three-dimensional structure of GTL
belongs to the /. hydrolase (Figure 2.1a). It contains two cofactor ions (Zn2+ and Ca2+)
and an amphipathic helix-loop motif that act as a lid protecting the active site. The catalytic

55

triad is comprised of Ser114-His359-Asp318. Potential mutation sites were selected by
inspection (PDB: 2W22) of the four residues on either side of the catalytic residue, ignoring
residues that were located within non-loop secondary structure. The rationale was
flexibility inducing mutations in secondary structures might cause a significant
perturbation in the structure. This narrowed the potential residues for mutation to Glu316,
Asn317, Trp314, His113, Ala112, Val357 and Glu361 (Figure 2.1b). All these residues
were mutated to Gly, and His113 and Glu361 were replaced with Ala and Asp separately.
Mutations were designed based on the rule that it decreased the number of hydrogen bonds
number (Table 2.1). Mutants E316G and E361G were selected due to their soluble
expression.

Figure 11 Cartoon representation of the crystal structure of GTL (PDB: 2W22) with /helices and 0-sheets shown in teal and yellow, respectively. The active site residues are
represented as ball and stick models, and its carbons are colored in cyan. Carbon atoms of
sites for mutations selected to enhance active site flexibility are colored in orange, and
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represented by ball and stick model. Nitrogen, oxygen, and hydrogens are colored in blue,
red and white, respectively. (b) Closer view of the region around active site of GTL.

Table 6 Hydrogen bonds before and after mutations1.
A112G
H113A

Before
After
Before
After

H113G
W314G
E316G
N317G
N356G
V357G
E361D

Before
After
Before
After
Before
After
Before
After
Before
After
Before
After
Before
After

E361G

Before
After

Ala112-Thr160, Ala112-Ile162
None
His113-His359, His113-Tyr30, His113-Leu14, His113Gln115, His113-Gly116
Ala113-Leu14, Ala113-Gln115, Ala113-Gly116
His113-His359, His113-Tyr30, His113-Leu14, His113Gln115, His113-Gly116
None
Trp314-Asn322, Trp314-Asp311
None
Glu316-Thr323, Glu316-Tyr282
None
Asn317-Gly319
None
Asn356-Glu271, Asn356-Glu285
None
Val357-Glu271
None
Glu361-Gly364, Glu361-Asn368, Glu361-Asp358, Glu361Arg272, Asp358-Asn289
Asp361-G364, Asp358-Asp361
Glu361-Gly364, Glu361-Asn368, Glu361-Asp358, Glu361Arg272, Asp358-Asn289
None

Note: “-“ represents the hydrogen bond between residues.
1. Hydrogen bonds were obtained by the visualization of enzyme structure using SWISS-PDBviewer.

2.4.2 Specific activity-temperature relationship depends on substrate
The specific activities of both WT and two mutants (E316G and E361G) on
substrate p-nitrophenol butyrate (C4) are shown in Figure 2.2 a. As can be seen, WT has
an optimal specific activity with C4 at 323K. The optimal temperature for E316G and
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E361G, mutants were 10 degrees higher at 333K. The specific activity data at temperatures
below the optimum show that the two designed mutations increased the cold activity
compared to the WT. Both WT and mutants have similar specific activities with C4 at T <
313K. At temperatures above their optimal temperature, the mutants have higher specific
activities with C4 at most of the studied temperatures compared to WT. The E361G
mutation increased the specific activity with C4 to a greater extent than the E316G.
Moreover, mutant E361G had less change in specific activity (compared to E316G and
WT) at T between 323K and 353K, indicating its relative higher tolerance to high
temperatures and diminished temperature dependence.

a
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b

Figure 12 Specific activity and kinetic stability of WT and mutants. (a) Specific activity of
WT (black), E316G (blue) and E361G (red) with C4 from T = 283 K to 363 K. (b) Kinetic
stability of WT and the two glycine mutants measured as the % fraction of specific activity
retained with C4, C8 and C12 at 323 K after 3 hours of incubation at 343 K. Error bars are
standard deviation of at least three replicates. ****, P of value < 0.0001; **, P of value <
0.01; *, P of value < 0.05.

The diminished temperature dependence of specific activity and shift in the optimal
temperature correlate with the increase in the kinetic stability of the mutants (Figure 2.2
b). This increase in specific activity and kinetic stability of mutants with C4 relative to WT
suggests that flexibility inducing mutations can be introduced without compromising the
thermophilic enzyme properties. In fact, in this particular instance, the mutations enhanced
thermostability and thermophilic properties.
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It has been shown that mutation around the catalytic triad in Bacillus
stearothermophilus L1 lipase (BSL1) leads to changes in substrate specificity [27]. This
change was attributed to the altered conformation and catalytic pocket [27]. As can be seen
in Figure 2.3 a, WT exhibited the highest activity at 313K with substrate p-nitrophenol
octonoante (C8), which is different than its optimum temperature of 323K with substrate
C4. The specific activity of WT showed a slow decrease from 313K to 338K, which was
followed by an abrupt decrease when temperature reached to 343K. Compared to WT, both
E316G and E361G had lower specific activity for most of the temperatures. E316G has
higher activity than WT at temperatures below 293K. The optimum temperature for both
E316G and E361G is 323K, which is 10K lower than the optimum temperature when
substrate is C4, yet still 10K higher than WT. With substrate p-nitrophenol laurate (C12),
both WT and E361G tend to have higher specific activities than with substrate C8 (Figure
3b). WT still have higher specific activity compared to mutants. Using C12, the optimum
temperature of the WT was 313K, the E316G was 328K, and E361G was 333K.
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a

b

Figure 13 Specific activity of WT (black), E316G (blue) and E361G (red) with (a) C8 and
(b) C12 at different temperatures. Error bars are standard deviation of at least three
replicates.
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The relative kinetic stability comparison between WT and mutants on C8 and C12
showed the same trend with on C4 where WT decreased significantly after 3 hours-thermal
incubation at 343K while mutants still retain at least 80% of the activities (Figure 2.2 b).
Interestingly, analysis of the CD spectra of WT and the two mutants indicates similar
secondary structure (Figure 2.4), suggesting the mutations effects on thermostability and
specific activity are not caused by major conformational change. The CD spectra
deconvolution indicated a 5% and 3% increase in regular ⍺-helix in E361G and E316G,
respectively. At the same time, the distorted ⍺-helix percentage was increased by 7.8% and
3.2% in E361G and E316G. On the contrary, the regular .-strand were decreased by 8.2%
and 7.1% in E361G and E316G. Meanwhile, the distorted .-strand were decreased by 4%
and 2% for in E361G and E316G . Different with the relatively large change on helix and
strand, secondary structure like turn and unordered showed little change. All of these
results together hint the insignificant change of the secondary structures upon mutations.
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Figure 14 CD spectroscopy of WT (black), E316G (blue), and E361G (red) at T = 298 K.
Purified enzymes were dissolved in 50 mM sodium phosphate at pH 7.0. The scanning
wavelength was varied from 190 nm to 300 nm with 2 nm decrement. No significant
changes in secondary structures of mutants were observed.

2.4.3 Psychrophilic traits in mutants
The change in thermodynamic activation parameters ∆1 ‡ and ∆2 ‡ of mutants
compared to WT obtained with C4 was determined using Eyring plots (Supporting
Information Figure 1), which indicated both E316G and E361G have lower ∆1 ‡ and more
negative ∆2 ‡ (Table 2.2) when compared to WT. These are typical characteristics of
psychrophilic enzymes compared to orthologous mesophilic and thermophilic enzymes [2,
10, 16, 17]. Similar analysis using C8 and C12 revealed the same pattern of lower ∆1 ‡ and
more negative ∆2 ‡ (Table 2.2) when compared to WT, irrespective of substrate and despite
the differences in substrate specificity.
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The data show that E361G had much more different activation parameters
compared to E316G and WT. In all substrates, the activation enthalpy was much smaller
and the activation entropy was far more negative. The E316G mutation had a smaller
activation entropy and less negative activation entropy compared to the WT, but to a far
lesser extent compared to the E361G mutant.
A comparison of the change in activation enthalpy and entropy for a given mutant
as the substrate length is increased is more complex. For the WT and the two mutants, the
activation enthalpy increases from C4 to C8 and then decreases from C8 to C12, where C4
< C12 (i.e., for ∆1 ‡ of a single enzyme, C4 < C12 < C8). A similar analysis of the activation
enthalpy reveals a similar relationship, where ∆2 ‡ gets less negative from C4 to C8 and
then gets more negative from C8 to C12 (i.e., for ∆2 ‡ of a single enzyme, C4 < C12 < C8).
For WT with C8 and C12 substrates, the ∆2 ‡ of WT is a small negative value
(~0.003 kJ/mol/K), which suggests more similarity of ground state and transition state
entropy of the enzyme-substrate complex in WT. Therefore, the ∆3 ‡ is largly dependent
on the enthalpy changes, and consequently a higher exponential dependence on the
catalytic rate with temperature according to Eyring, Evans and Polyani equation. This can
explain the steep increase in the specific activity profiles of C8 and C12 (Figure 2.4) in WT
with temperature. This is also observed on E316G with C8, where the ∆1 ‡ and ∆2 ‡ values,
and specific activity profile closely follow that of WT.
Deviations in ∆1 ‡ and ∆2 ‡ are larger between E316G and WT with C12, where the
correlation in the differences are higher with that of psychrophilic and thermophilic
enzymes. The lesser increase in specific activity with temperature in E361G with C8 and
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C12 is consistent with this reasoning where decrease in ∆1 ‡ and increase ∆2 ‡ essentially
decreases exponential dependence of catalytic rate with temperature. Nevertheless, the
differences in ∆1 ‡ -∆2 ‡ primarily explain exponential temperature dependence of activity
with temperature but not the dependence of specific activity on the substrate size. Further,
the changes in the trends of ∆1 ‡ -∆2 ‡ with substrate size indicates an evident role in the
ability of the enzyme to accommodate the substrate within the binding site.

Table 7 ∆4‡ and ∆5‡ of WT and mutants with C4.

C4

C8

C12

WT
E316G
E361G
WT
E316G
E361G
WT
E316G
E361G

∆1 ‡ (kJ/mol)
Average ± 2SD
40.92 ± 0.11
35.03 ± 0.85
3.37 ± 0.84
63.31 ± 0.31
60.97 ± 0.68
24.51 ± 0.62
50.06 ± 0.65
39.51 ± 1.71
14.41 ± 4.24

∆2 ‡ (J/mol/K)
Average ± SD
-77.10 ± 0.95
-100.28 ± 7.08
-194.93 ± 7.04
-3.35 ± 1.54
-7.59 ± 1.64
-126.32 ± 0.91
-3.84 ± 1.97
-38.41 ± 2.63
-154.36 ± 3.12

1

∆∆1 ‡(kJ/mol)
Average ± SD

∆∆2 ‡ (J/mol/K)
Average ± SD

-5.89 ± 0.15
-37.55 ± 0.19

-23.18 ± 0.04
-97.83 ± 0.11

-2.34 ± 1.11
-38.80 ± 1.05

-10.94 ± 3.98
-126.67 ± 2.45

-10.55 ± 2.36
-35.65 ± 4.89

-34.57 ± 4.60
-151.42 ± 4.09

1

∆∆ implies change with respect to WT.
SD refers to standard deviation obtained from three replicate experiments. Error
propagation method was used for estimating SD on ∆∆.
2

Table 8 The comparison of secondary structure between mutations and wild type GTL.
E361G
E316G
WT
Regular ⍺-helix

0.216

0.183

0.162

Distorted ⍺-helix

0.179

0.133

0.101

Regular β-strand

0.104

0.115

0.186

Distorted β-strand

0.064

0.082

0.104

Turn

0.174

0.219

0.193

Unordered

0.263

0.267

0.253
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a

b

c

Figure 15 Eyring plot of WT (black), E316G (blue), and E361G (red) with substrates C4
(a), C8 (b), and C12 (c).

66

2.4.4 The propagated flexibility and rigidity
To investigate whether our mutations engineer higher flexibility into active sites,
the flexibility were quantified using RMSF and rigidity index calculated from CAN on MD
generated ensemble of structures that are used in several studies [21, 25, 28-31]. Figure 2.6
a and 2.6 b show the difference in the RMSF of C of residues 6 to 384 in the two mutatns
near enthalpy-entropy compensation temperatures(280K and 320K), which are estimated
by extrapolating ∆3 ‡ -T curves linearly using ∆1 ‡ and ∆2 ‡ values. These temperatures are
appropriate for understanding the molecular origin for the shift in the ∆1 ‡ - ∆2 ‡ in the
mutants relative to WT under similar ∆3 ‡ . Negative and positive differences in RMSF
indicate decrease and increase in fluctuations of residues (ps-ns timescale) in the mutants
relative to WT, respectively. |∆RMSF| of > 0.03 to 0.1 nm are typically used in literature
for considering noticeable differences [21, 25, 28, 29], and therefore we use |∆RMSF| of >
0.03 nm for discussing differences in fluctuations of WT and mutatns. The differences in
RMSF of E316G and WT at 280 K are mostly noticeable, i.e., with |∆RMSF| of > 0.03 nm
around

6 -helix

(82, 84, 85), lid domain (173, 175-184, 186-188, 196-199, 201, 203, 210,

214-230, 235), residue 294 in

7 -helix,

and residue 374 in

8 -helix.

The location of these

residues influenced by E316G from the active site residues range from ~1.0 nm to > ~3.0
nm in the WT crystal structure, with the residues 294 and 374 being the closest. Most of
the lid domain residues have lower fluctuations in E316G relative to WT at 280K. The
residues 82, 84-85, and 374 are the only residues with higher fluctuations in E316G
compared to WT at 280K.
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In comparison to E316G, there are more number (68 in E361G and 44 in E316G)
of residues with noticeable changes (|∆RMSF| of > 0.03 nm) in the fluctuations of E361G
relative to WT at 280K. The residues with larger impact in E361G at 280K include loop
between .9 -strand and

9 -helix

(6-8),

6 -helix

region (80, 83-88), loop connecting .: -

strand and .; -strand (103-105, 107) residues around

; -helix

and .< -strand (139-145,

157), lid domain (173, 175-184, 186, 189-190, 194, 196, 199, 200-204, 216-223, 225-226,
237-239), residues near .7 -strand and

7 -helix

(281, 294, 303-306). The lid domain in

E361G comprises residues with both higher (186, 189-190, 194, 196, and 199-204) and
lower (173, 175-184, 186, 216-223, 225-226, 237-239) fluctuations relative to WT at
280K. Residues 6-8 and 103-107 are the other residues with higher fluctuations than WT
at 280 K in E361G. The distance of these residues from the active site is >~2.0 nm, which
is similar to the distance of lid domain from active site at 280 K.
Lid domain is a common region in both E316G and E361G at other studied
temperatures as well. The specific residues that have |∆RMSF| > 0.03 nm in E316G at
320K are in the regions-loop between .= -strand and

= -helix

( 56-62), around

6 -helix

(71, 75-80), around .: -strand and .;-strand (82-96, 98-107), residues 118, 143-144 near
: -helix

and

; -helix,

loop between

; -helix

and .<-strand (152-155), lid domain ( 173,

175-176, 178-182, 185-188, 195-199, 201-202, 208, 211-231, 233-240), residues near
helix (231-244, 256-257, 260), and residues near

7 -helix

<-

(295, 304-306). In addition to

the lid domain residues 201 and 202, the residues 143 and 144 that are ~3.0 nm from the
active site are the only residues that have fluctuations larger than WT at 320K in E316G.
Most of the impacted regions in E361G are similar to that of E316G at 320K. In contrast
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to E316G at 320K, only residues in lid domain ( 175-179, 183-184, 189-191, 193-194, 201)
have higher fluctuations in E361G at 320K compared to WT. Give these changes in
fluctuations of multiple residues sequentially and spatially far from active site in mutants
relative to WT, a relationship between change in active site fluctuations and shift in the in
the ∆1 ‡ and ∆2 ‡ of mutants compared to WT at 280 K and 320 K cannot be firmly
established.
Quantification of flexibility with CNA provides a less timescale sensitive
perspective on the changes in flexibility of GTL structure with mutation. Further, CNA
based flexibility measures are more sensitive to local connectivity than RMSF, which does
not take local neighborhood information directly [31]. To improve reliability of CNA, we
used ensemble of structures extracted every 0.5 ns starting at 50 ns from the MD trajectories
at 300 K with temperature (Ehb) values ranging from 302 K (-0.418 kJ/mol) to 420 K (25.104 kJ/mol) with 2 K (0.418 kJ/mol) increment utilized for a mesophilic lipase and other
proteins by Gohlke’s group [32-34]. According to CNA, the transition Ehb or temperature
follows the order E361G > WT >E316G. The higher transition temperature or structural
stability of E361G compared to WT is consistent with the higher kinetic stability of the
mutants measured with C4 substrate (Figure 2.2). A higher kinetic stability can also result
from higher aggregation propensity that is not captured in CNA, and therefore need not
have any direct relation with structural stability. Figure 2.6c shows the difference in of
mutants and WT, where the positive (negative) values of the average ∆ri imply the residues
in mutants are more (less) flexible than WT.
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While there is an overlap in the distribution of ri of mutants and WT for most of the
residues as reflected in standard deviation of ri, on an average the ∆ri is non-zero indicating
mutations altered ri. In other words, there is a change in the distribution of flexibility of
several residues upon mutation from the perspective of CNA, where some of the residues
are around the similar regions identified in RMSF analysis ( Figure 2.3a and Figure 2.3b).
In E361G, loop between

6-lid

(161-168) and

9-. 9

(357-363), and residues in

7

(245 to

252) are relatively more flexible, i.e., breaks apart from a rigid cluster at less negative Ehb
on an average than WT and are also relatively closer (<1.0 nm) from active site. This
suggests the ability of E361G to break hydrogen-bonds or salt-bridges is relatively easier
on an average at lower temperature than WT. These identified flexible regions around
active site are therefore probably related to changes in ∆1 ‡ and ∆2 ‡ and specific activity
at lower T (T < 325 K) of E361G compared to WT. However, this still does not prove the
hypothesis rigorously because of the simultaneous perturbation on the flexibility of other
residues and also the stability by E361G mutation. In contrast to E361G, the number of
residues with non-zero average ∆ri are lower in E316G and does not have residues proximal
to active site. This is not unexpected since the perturbation on the ∆1 ‡ and ∆2 ‡ is weak
and therefore changes in flexibility need not be as evident as that of E361G mutation. The
difference in specific activity-temperature relationship in E316G compared to WT is rather
a possible result of changes in structural stability with mutation. Indeed, most of the loops
of residues in E316G have negative ∆ri on an average indicating enhanced rigidity or higher
Ehb required to segregate from a rigid cluster. Few of the regions with negative ∆ri
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observed in E316G overlap with that of E361G. These changes in loop rigidity of the
mutants can explain their higher stability relative to WT.

Figure 16 Change in RMSF of C/ of residues in E316G and WT (blue), and E361G and
WT (red) at (a) 280 K and (b) 320 K. Vertical cyan lines show the location of the catalytic
triad residues. The region bounded by absolute RMSF difference (|∆RMSF|) of 0.03 nm is
shown by horizontal dashed lines (black). (c) Average change in rigidity index (∆ri) of
residues in E316G and WT (blue), and E361G and WT (red) is shown with solid lines. The
standard deviation of ∆ri estimated by error propagation is shown in the background.
Arrows highlight residues that are closer to active site, i.e, <=1.0 nm. (d) Crystal structure
of WT GTL colored according to the distance of C/ of residues from any one of the C/ of
active site residues: S114, D318, and H359. Side chain of E316 and E361 are shown in
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blue and red in the crystal structure, respectively. The location of E316 and E361 in the
protein sequence is indicated on x-axis of (c).

2.4.5 Residue-residue network with mutation
The mutations resulted in changes in more properties than that are desired. These
include changes in activity-temperature-substrate size dependence, stability, the ∆1 ‡
and ∆2 ‡ trends with substrate size, and RMSF/ri of residues beyond the region of interest
(i.e. away from active site). For demystifying the mapping between these properties, a
thorough understanding of the enzyme structure-dynamics with mutation is rather crucial.
We calculated dependency between the fluctuations of a residue with that of another
residue using distance correlation coefficient (dcorr). It captuers both linear and non-linear
correlations and a higher value implies higher dependency. The changes in dependency
after mutation indicate modified connectivity between residues with both higher and lesser
connectivity among many residue pairs in the mutants compared to WT at 280 K. By
calculating the total (Lennard-Jones and Coulombic) nonbonded interaction energies (E)
within 1.0 nm between residues at 280 K, it was found that mutants lead to the
redistribution of E across every residue pair, and thus the dependency in the fluctuations
of the residue. To track the propagation of these changes from point of origin (mutation),
we considered the weighted networks with each residue as a node and edges between every
residue with weights proportional to difference in the absolute average E of mutant and
WT. As shown in Figure 2.7 and 2.8, networks demonstrate the changes in the total E with
mutation, where certain residue pairs are more strongly connected in the mutant than WT.
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This explains the simultaneous increase and decrease in RMSF with mutation at 280 K.
Further, the networks indicate the presence of certain residues that are more influenced by
the mutation int heir interaction energy wih other residues. To identify such residues, we
calculated betweeness centrality on the network that provides a value proportional to the
number of shortest paths passing through it [35, 36]. These are residues that are on an
average hubs for the change in the total E with mutation. According to resulting betweeness
of residues, a majority of the hubs are charged residues in both E316G and E361G. These
residues are connected to mainly other charged residues in the enzyme, which suggests a
larger role of electrostatic interactions for the observed change in the enzyme structuredynamics with mutation. The networks also demonstrate difference in the mechanism of
changes in th enzyme internal network with each mutation. In E316G, the active site
residue (H359) is the major hub that resulted in large changes near the lid domain and other
regions beyond 1.0 nm from E316 with D206 and other shown charged residues acting as
intermediate hubs. The changes in the E361G mutation are propagated radially through the
several chargd residues adjoining E361 and few hydrophobic residues (L52 and L57) and
polar residues (N60, T164, N254) acting as hubs with similar betweeness. In E361G, E66
is more influenced by mutation that is proximal to the Zn2+ domain that is known to be
crucial for stabilizing open-close transition of lid [26, 37]. This residue probably triggered
the more tighter interactions between Zn2+ and G82, H86, and H88 in E361G than WT.
This also explains the reduced RMSF of these residues when compared to WT at 280K.
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Figure 17 Cylinders with radius proportional to the difference in average total E between
residues of mutant and WT are used for showing the differences in the strength of
interactions with mutation E316G at 280 K. (a) Closer view surrounding the site of
mutation. In (b) and (c), the changes in the residue-residue interactions are shown in two
diffrent perspectives focusing on the binding site. Cyan and orange cylinders represent
interactions that are stronger and weaker on an average in E316G than WT, respectively.
(d) Betweeness value of the residues in the residue-residue network, where the value is
dependent on the number of shortest path passing through the residue. The shortest path is
>

defined as the path with minimum sum of weights, and therefore we used |?@>AB

. In

CD|

(a-c), the betweeness values of each residue are shown with blue spheres using the radius
of the sphere.
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Figure 18 Similar to that in Figure 7 but for the E361G mutant at 280 K, where red spheres
are used for showing betweeness of residues in the structures in (a-c).

2.5 Discussion
Our central hypothesis was that by introducing flexibility inducing mutations near
the active site we could introduce cold activity by decreasing the temperature dependence
of kcat. Our data demonstrated two mutations, E316G and E361G, could enhance cold
activity in GTL; however, these mutations led to a few unexpected changes, such as
increased thermostability and altered substrate specificity. These data support the overall
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hypothesis that cold activity can be rationally designed by mutations that lower the
activation enthalpy and make the activation entropy more negative.
There are several theories attempting to explain the molecular mechanisms
underlying cold activity. Flexibility around active sites has been considered responsible for
the cold activity adaptation of psychrophilic enzymes. Feller et al. proposed that
psychrophilic enzymes need to increase flexibility of the active sites and maintain stability
of other domains in order to reduce the counter effect of the more negative activation
entropy ∆S‡ [15, 17]. A recent protein softness theory suggests temperature adaptation of
enzymes is believed to be mediated by protein surface softness [4, 11, 21, 38-40].
Activation enthalpy and entropy values gradually became thermophilic when the restraint
moves deeper from the protein surface towards the internal core [4, 21]. However, a
temperature adaptation study of Bacillus agaradherans cellulase Cel5A revealed
fluctuation on active sites could be enhanced and further increase the robust activities at
low and warmer temperatures by disrupting the hydrogen bonds around the catalytic
residues [25]. Together this suggests that the psychrophilic/thermophilic traits transition
might not be simply regulated by local flexibility (surface softness or active site
fluctuation). Instead, they are regulated by the allosteric residues which tune the overall
structure fluctuation and further the entropy/enthalpy balance. As has been proposed by
Hacisuleyman et al., surface residues tend to become entropy sources and drive the
fluctuations of other residues inside the protein core [41]. Agarwal et al. proposed that
charged residues with long chain on the protein surface tend to form interactions with
solvent and regulate catalysis [42, 43]. This has been corroborated by the study on
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adenylate kinase in which its cold adaptation was driven by dynamic allostery on the
surface domains [44], leading to propagation of the fluctuations from the mutated residues
to the overall structural change. This also explains why the secondary structure of WT and
mutants are similar while their temperature adaptations are significantly different.
To explain the higher relative specific activities of E316G and E361G on substrate
C4, kinetics assay was employed to investigate whether the activation enthalpy and entropy
have transformed into psychrophilic-like traits. As shown in Table 2, both mutants showed
significant decrease in activation enthalpy and more negative entropy values. These
changes indicate the inclusion of psychrophilic traits in mutants.
The impact of the mutations on the substrate specificity were possibly due to the
influence of the substrate hydrophobicity on the lid opening. Lipases are typically activated
at hydrophilic-hydrophobic interfaces, which are more likely to be induced by the longer
substrates [45]. The relatively lower activity of GTL mutants on longer substrates might
also be explained by either reduced lid opening. The perceived enhancement of activity on
C4 substrates is more properly classified as less decrease in activity, as the specific activity
values were at least 4-fold lower with C4 compared to C8 or C12. If the GTL mutations
effectively diminished the effect of hydrophobic interfaces in lid opening, this would be
consistent with the experimental data. Indeed, Dror et al., [46] observed that reducing the
polarity of residues on the lid had exactly this effect. The mutations of acidic residues to
glycine in proximity to active site, where the lid interacts in closed form, would likewise
reduce the polarity of lid interactions.
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The unexpected increase in thermostability is difficult explain from a structural
perspective without further studies. In a study of metagenome derived lipase, the
paralogous mutation of E315G (similar to E316G in GTL) resulted in reduced
thermostability [27]. One hypothesis supporting the increased thermostability of E316G
GTL (and E361G), is that since the enhanced flexibility is located outside the active site,
it can be effectively dissipated through allosteric interactions that ultimately rigidify other
regions of the enzyme and effectively ratchet the lipase into a more thermostable
configuration, perhaps by forcing the lid open. Furthermore, the Dror study [46] on
reducing the polarity of the lid also noted increased thermostability, which would be
consistent with our observations.
To summarize, our kinetics assay has investigated engineering active site flexibility
as a means of altering the temperature dependence of catalysis and increasing cold activity
in an otherwise thermostable enzyme. The activation enthalpy and entropy measured
provided proof that the rationally designed mutations resulted in psychrophilic adaptations
compared to the WT. Previous studies of enzyme temperature adaptation tend to relate the
enzymatic catalysis over temperature with the local structural change [16, 24]. Our work
found temperature adaptation of enzymes that result in modest structural change could have
a profound impact on optimal temperature shift, enhanced thermostability, and altered
substrate specificity. Molecular dynamics simulation proves that these unexpected
properties were attributed to the allostery. In all, we successfully engineered psychrophilic
traits into a thermophilic enzyme through a single mutation around the active sites without
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sacrificing its thermostability. Our work provides an alternative approach for enzyme
temperature adaptation engineering.
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CHAPTER THREE

RATIONAL DESIGN OF COLD ACTIVITY MUTANTS
BASED ON STATISTICAL COUPLING ANALYSIS AND
HETEROLOGOUS

EXPRESSION

IN

NON-

CONVENTIONAL YEAST YARROWIA LIPOLYTICA

3.1 Abstract
Engineering the biochemical properties of enzymes to broaden their temperature
range can bring numerous economic benefits in industry. Approaches to modify enzyme
properties can be roughly classified into random mutagenesis and rational design. Random
mutagenesis generates a large size of mutants library in short term and relies on efficient
screening methods to find mutants with improved function. In contrast, rational design
relies on the structural data and a working hypothesis of the structure-function relationship.
Extremophile enzymes have evolved to adapt to their environments. Evolution of
properties such as the optimal temperature are reflections of residue change and defined by
coevolved residues which act like fingerprints. Mapping and replacing of coevolved
residues has been employed to change enzyme substrate specificity; however, this
approach has not yet been applied to the study of enzyme temperature adaptation. In this
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chapter, a mesophilic enzyme bovine trypsin was used as a model enzyme and its
fingerprint residues responsible for the temperature adaptation were mapped and replaced
by the corresponding residues from its psychrophilic counterpart salmon trypsin in order
to make robust enzyme. After the successful purification and activation of bovine
trypsinogen, the specific activities of mutants and wild type over the wide range of
temperature are compared. All of the mutants showed significantly improved specific
activity. Besides, mutants BT2 and BT3 showed decreased optimum temperature while the
specific activity of BT1 remained unchanged. The free energy measurement by Medusa
revealed that most of the mutations didn’t lead to the significant change, indicating that
mutations didn’t change the stability of the structure.

3.2 Introduction
Enzymes have been used in industry for more than a century and shown advantages
over inorganic catalyst in terms of catalytic efficiency, substrate specificity and moderate
reaction conditions; however, the temperature dependence of biocatalytic activity is
limiting. Enzymes may undergo structural changes and affect the reaction rate when
temperature becomes either too high or too low. Based on the working temperature ranges,
most enzymes can be roughly grouped into psychrophilic, mesophilic and thermophilic.
Common features of psychrophilic enzyme include a decreased percentage of salt bridges,
fewer disulfide bonds and shortened loops on the surface [1]. Thermophilic enzymes, on
the other hand, are featured with increased hydrophobic core and intracellular residue
interactions [1]. Comparison of the thermodynamic parameters between psychrophilic and
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mesophilic enzymes showed that psychrophilic enzymes have lower activation enthalpy
values and more negative activation entropy values, which together leads to an overall
decreased activation energy and higher kcat values than their mesophilic counterparts at low
temperatures [2, 3]. It was hypothesized that an increase in kcat caused by decreased
activation entropy can be achieved by increasing the flexibility around the enzyme active
sites [4-6]. This hypothesis was corroborated by the research on cellulase Cel5A whose
mutation around the active site lead to the higher activity, decreased activation energy,
activation enthalpy and the restrictively increased flexibility around the active sites [7].
Furthermore, our work in Chapter 2 also demonstrated that the decreased activation entropy
and activation enthalpy values could be partially explained the increased flexibility 1 to 3
nm from the active sites.
Since most of the residues around the active site are conserved, mutations in these
locations may lead to structural changes and loss of activity. On the contrary, surface
residues are distant from the active sites and thus may have less influence on the active
site. Furthermore, surface residues are less conserved than residues in the protein core [11].
A computational study of the cold adaptation of trypsin revealed that the mobility of a
surface loop plays an important role on the typical features of psychrophilic trypsin. The
disruption of the H-bonding network between the polar residues on the surface and the
water molecules increased the mobility of a surface loop, thus lowering the activation
enthalpy at the expense of a more negative activation entropy [8-11]. The effect of the socalled surface softness on the temperature adaptation was further studied by imposing
structural restraints on spherical sheets that were defined at intervals between 18-35 Å from
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the center of the cold-adapted trypsin [8, 9]. The activation parameters for the cold-adapted
trypsin approached the values found for the mesophilic enzyme as the surface was
progressively restrained. The activation enthalpy and entropy become almost identical to
those of the mesophilic enzyme when all heavy atoms outside 19 Å from the center were
restrained [8, 9]; however, not all residues on the surface are involved in tuning the
temperature adaptation. For example, rational design of mutations on the surface of the
porcine pancreatic elastase showed that only three out of seven mutations lead to the
increased activity at 4oC [12, 13]. Engineering cold activity by modifying the surface
softness of the enzyme is mainly achieved by the reduced activation enthalpy caused by
molecular interaction disruption. A dynamic allostery study showed that enzyme cold
activity can be engineered by only decreasing of the activation entropy value (i.e., more
negative) [14]. Allosteric sites located on the sub-global motion domain were targeted for
mutation to Gly. The mutation on the substrate binding domain decreased the activation
energy and improved the kcat at every temperature [14].
Statistical Coupling Analysis(SCA) is a computational approach used to identify
the co-evolving residues which are defined as functionally important “sectors” [15]. By
measuring the perturbation of residue i upon the change of residue j among multiple
sequence alignment, the covariation between these two sites could be calculated to reflect
the evolutionary dependence. SCA was originally developed by Ranganathan et al. to
examine the thermodynamic coupling of residue pairs in protein [16]. It was first applied
in PDB domain family to identify residue network that are coupled to a binding site residue
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[17]. SCA has proven effective in a protein allostery study and non-natural function
engineering of enzymes [18, 19].
In this study, we hypothesized that the coevolving residues of a mesophilic enzyme
bovine trypsin are responsible for its temperature adaptation. Previous mutation design for
temperature adaptation was based on the structural comparison or sequential alignment
between the psychrophilic, mesophilic and thermophilic orthologues [20]. We used SCA
to map coevolving residues in bovine trypsin and found residues on the bovine trypsin
family could be roughly grouped into three sectors with their locations extending from the
protein core to the protein surface. Furethermore, residues located greater than 12 Å from
the active site were selected and then aligned with its psychrophilic orthologue salmon
trypsin. Mutations in each sector were designed by mutating the residues from bovine
trypsin to those from the corresponding locations in salmon trypsin family with the
expection of getting cold activities. With the SCA-guided rational design of mutants, the
constructs were heterologous expressed in the non-conventional yeast Yarrowia lipolytica
and further purified by Ni-NTA column. The specific activities of WT and mutants over
substrate casein revealed that mutants showed significantly improved activity. Besides, the
free energy measurement by Medusa revealed that most of the mutations didn’t lead to the
significant change, indicating that mutations didn’t change the stability of the structure.
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3.3 Materials and Methods
3.3.1 Chemicals and reagents
All chemicals used for buffers were obtained from Sigma-Aldrich unless stated
otherwise. Polymerase chain reaction (PCR) components and T4 Polymerase were
purchased from New England Lab. gBlock fragments and oligos were produced from
Genscript Biotech and IDT DNA. Plasmid minipreps were performed using ZyppyTM
Plasmid Miniprep Kit (Zymo Research). PCR products were purified using DNA Clean
& Concentrate kit from Zymo Research. Western blotting was performed using SDSPAGE precast gels (Bio-Rad), primary antibody HIS tag(H20) antibody (Delta Biolabs),
and secondary antibody Goat anti-rabbit IgG Polyclonal Antibody (LI-COR Biosciences).
Nitrocellulose membrane were bought from GE Healthcare AmershamTM. Cell culture
containing 6x-his-tagged bovine trypsinogen was concentrated using VivaFlow 50
(Satorious). 6x-his-tagged enterokinase was purchased from Genscript.

3.3.2 Molecular Cloning
DH10β cells (NEB) were used for cloning and propagation of plasmids in Luria
Bertani (LB) media supplemented with 100 µg/mL ampicillin. Y. lipolytica strain, PO1f
(MATa leu2-270 ura3-302 xpr2-322 axp1) was used for protein expression. Primers and
gBlock sequences used for vector constructions in this study are summarized in Table 1.
pSL16-TEF-intron vector was amplified from a previously constructed plasmid containing
TEF promoter, intron fragment and CYC terminator. All gBlock fragments were designed
with the inclusion of a native lip2prepro secretion signal sequence. All PCR amplifications
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were conducted by following the standard protocols with variations on annealing
temperature and elongation time regarding to the size and melting temperature of the PCR
templates. PCR products were purified using DNA Clean and Concentrate kit (Zymo
Research). Construct assembly was performed by using Sequence and Ligation
Independent Cloning (SLIC) described previously (Li et al., 2012). E. coli transformations
were done by using the heat shock method according to standard methods. Miniprepped
plasmids were verified by Sanger sequencing and transformed into Y. lipolytica using the
method described previously by Barth and Gaillardin [21, 22]. All E.coli cells were
cultured overnight in liquid LB media (1% tryptone, 1% sodium chloride and 0.5% yeast
extract) in a 37oC shaking incubator with speed at 250 rpm . To produce bovine
trypsinogen, Y. lipolytica transformants were cultured for 48 hours in liquid YSC-LEU
media (2% glucose, 0.1M pH7.0 sodium phosphate buffer, 6.7 g/L YNB without amino
acids (Difco), 0.69 g/L CSM-LEU (MP Biomedicals)) in a 28oC shaking incubator with
speed at 215 rpm.

3.3.3 Purification of bovine trypsinogen
Y. lipolytica cultures were harvested after cultivation for 48 hours. 1.5L cell culture
was centrifuged at 3500 rpm at 4oC for 10 minutes. Supernatant was collected,
concentrated and buffer exchanged with binding buffer (10mM sodium phosphate pH7.4,
0.5M NaCl) using a VivaFlow 50 concentrator. 15 mL buffer-exchanged supernatant was
applied into 5 mL Ni-NTA column (GE Life Sciences) using Fast Protein Liquid
Chromatography NGC Quest (Bio-Rad).

The concentrated Yarrowia lipolytica
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supernatant containing bovine trypsinogen was purified via Ni-NTA column. The Ni-NTA
column was first conditioned by purification buffer A (20mM sodium phosphate buffer,
pH 7.4, 0.5 M NaCl) for 5 column volumes (25 ml) at the flow rate of 1.0 ml/min. 250 ml
buffer-exchanged Yarrowia lipolytica culture supernatant containing bovine trypsinogen
was loaded into the column at the flow rate of 1.0 ml/min. Further wash with the
concentration of imidazole increased from 120 to 150 mM was able to produce pure bovine
trypsinogen, as was confirmed by SDS-PAGE and western blot. The molecular size of
bovine trypsinogen was between 25 and 37 kDa.

3.3.4 Activation of bovine trypsinogen
Purified bovine trypsinogen was buffer-exchanged with 20 mM sodium phosphate
buffer at pH7.4. 80µL bovine trypsinogen was mixed with 10µL 10xEK cleavage buffer
and 8µL deionized water. 2µL 1µg/µL diluted enterokinase was added into the reaction
mixture. The activation mixture was incubated at 25oC for 3 hours after gentle mixing. The
reaction mixture was then applied on Ni-NTA spin column (GE, Life Sciences) and the
activated trypsin was collected in flow through.

3.3.5 SDS-PAGE and immunoblot analysis
Prepared protein samples were separated by SDS-PAGE using 4-20% gradient gel
by following the supplier’s protocol, and then transferred onto nitrocellulose membrane
using modified wet transfer protocol in our lab. Membranes were blocked in 5% Bovine
Serum Albumin(BSA) solution for 30 min at room temperature, and then incubated in
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primary antibody solution (1:250 dilution of H20 antibody, 0.02% sodium azide and 2%
nonfat milk in TBST buffer) for overnight at 4oC. All membranes were washed 3 times in
20 mL TBST buffer with 5 min in each time, and then incubated in 20 mL secondary
antibody solution (5% BSA, 1:20000 dilution of Goat anti-rabbit IgG Polyclonal Antibody
in TBST buffer) protected from light at room temperature. Membranes were imaged on LICOR Odyssey CLx imaging system after 3 times washes in TBST buffer.

3.3.6 Enzymatic activity assay
Succinylated casein was used as the substrate to detect trypsin activity. 50µL
activated trypsin was mixed with 100µL 2 g/L succinylated casein in assay buffer (20mM
borate buffer, pH8.0). Blank was set by replacing the 2 g/L succinylated casein with pure
20 mM borate buffer pH 8.0. Reaction mixture components were preheated at each
temperature in 96-well plates and then mixed together using multiple channel pipette.
Enzymatic reactions were stopped and colored by adding 50 µL 5% TNBSA(2,4,6trinitrobenzene sulfonic acid, Fisher Scientific, Catalog No. 28997) in methanol. Released
amine group in the reaction will bind with TNBSA and have an absorbance at 405 nm. The
specific activity of trypsin was test over a temperature range from 10oC to 90oC, with 10oC
as an increment.

3.3.7 Kinetics parameters
Kinetics assay was measured using substrate N

-benzoyl-DL-arginine-p-

nitroanilide (BAPNA, Sigma). The kinetics parameters (Vmax, Km) of the WT were
determined by using Epoch 2 plate reader (BioTek, USA) over different temperatures
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ranging from 25oC to 65oC with 5oC as an increment. The concentration of substrate was
increased from 50 µM to 100 mM. 5 E L enzyme and 5 E L substrate with different
concentrations were mixed with 95 EL reaction buffer (pH 8.0 Tris-HCl, 20mM) separately
and preheated at each temperature. Each components were mixed together by using multichannel pipette.

3.3.8 Statistical coupling analysis and mutation design
600 bovine trypsin (BT) aligned sequences were collected from NCBI
nonredundant database using NCBI BLASTp. The aligned amino acid sequences were
combined with BT using CLC Sequence Viewer 6 as described previously [18]. The SCA
version

5.0

MATLAB

toolbox

was

downloaded

(http://systems.swmed.edu/rr_lab/sca.html) and run in MATLAB 2016b. Three
independent components with a cutoff stringency of 90% were defined. Three final sectors
were defined and mapped on the structure of bovine trypsin (PDB entry 3ptb). The full
SCA five parameters can be found in Table 3.1. The mapped residues from three sectors
were aligned with residues from a psychrophilic homologue anionic salmon trypsin (PDB
entry 1bit). Positions showing changes between these two sequences were selected and
mapped out. Mapped target sites were mutated into the high occurrence frequency of amino
acids on the target sites in salmon trypsin.
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3.3.9 Medusa
The effects of each mutation on the trypsin was measured using Medusa. The free energy
of the protein was measured as a weighted sum of van der Waals (VDW), solvation,
hydrogen-bonding, and backbone-dependent statistical energies [23]. Medusa was installed
and ran on Clemson Palmetto Cluster.

Table 9 Parameters used for NCBI BLASTp.
NCBI BLASTp parameter
Query Sequence
Expect Threshold
Word Size
Max matches in query range
Matrix
Gap existence penalty
Gap extension penalty
PSI-BLAST threshold

Bovine trypsinogen
3ptb
10
3
0
BLOSUM62
11
1
0.005

Table 10 Parameters used to generate multiple sequence alignment using CLC Sequence
Viewer
Parameter
Bovine trypsinogen
Sequences
600
Matrix
BLOSUM62
Gap existence penalty
15
Gap extension penalty
1.5
End gap cost
As any other
Alignment mode
Very accurate
Redo alignments
No
Use fixpoints
No
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Table 11 Parameters used in SCA5 analysis
Variable
Value
Algn_full
600
Cut_off
0.2
iterations
20000
kmax
8
learnrate 1.00E-04
N_min
600
N_pos
258
N_seq
600
nfit
3
P_cutoff
0.9
Pdb_id
3PTB

Figure 19 SCA-identified amino acids used to design mutations for the rational design of
bovine trypsin. The crystal structure of the bovine trypsin (PDB entry 3PTB) is shown by
orange ribbon. Amino acids colored and shown in spheres are targeted mutation sites.
Positions were picked based on the distance(12Å) to the active sites. Sectors are shown in
different colors.
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Table 12 Occurrence frequency of amino acids on the target sites in Salmon Trypsin (PDB entry 1BIT)
like trypsins. The alignment was completed by PSI-BLAST. The threshold is 0.005, and sequences
downloaded are 1230.

Table 13 Rationally designed mutations
Sectors Designed Mutations

1

T21E, G62D, Y151S, Y151N, V154L, S217Y, Q221E, K222H, N223K,
K224N

2

S93Y, K145M, K156P, T229Y

3

T149A, S150D, Y234N

3.4 Results
3.4.1 Bovine trypsinogen purification and activation
As can be seen in Figure 3.2, the absorbance value at A280nm was gradually
increased and reach to the plateau at 8 column volumes and gradually decreased to 0 at 54
column volumes with post-load wash with buffer A. The first peak appeared at 56 column
volumes when the concentration of imidazole reached to 40 mM and disappeared at 60
column volumes when the concentration of imidazole reached to 60 mM. SDS-PAGE
analysis of fraction 1 (Figure 3.2 b) showed that the washed-off was mainly composed of
contaminant proteins with molecular size at 10-15 kDa, 20-25 kDa and 150-250 kDa.
Western blot analysis revealed that this fraction of protein are not histag-labelled.
Continuing wash with imidazole at 110 mM for another 3 column volumes didn’t produce
noticeable wash peak. But SDS-PAGE and western blot analysis revealed that target
protein (bovine trypsinogen) was washed off with relative purity. The innoticeable peak on
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the chromatograph graph was due to the relatively low absorbance value of the fraction.
Further wash with the concentration of imidazole increased from 120 to 150 mM was able
to produce pure bovine trypsinogen, as was confirmed by SDS-PAGE and western blot.
The molecular size of bovine trypsinogen was between 25 and 37 kDa.

a

b

c

Figure 20 Purification of bovine trypsinogen using Ni-NTA column. a, chromatograph of
the purification. Orange line, A280 absorbance; red line, conductivity; black line,
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percentage of buffer B; blue line, system pressure; red box, highlight symbol of collected
protein fraction. b, SDS-PAGE analysis of purification fractions. Red box, highlight
symbol of collected protein fraction. c, western blot analysis of purification fractions. Red
box, highlight symbol of collected protein fraction.

Figure 21 Western blot analysis of bovine trypsinogen activation. N, negative control,
reaction mixture without histagged enterokinase; BT, bovine trypsinogen.

Figure 22 Comparison of the specific activities between WT and rational design mutants.
Measurements were reported as the average values ± standard deviations from individual
triplicates.
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Figure 23 Effects of point mutation on the free energy change of bovine trypsin. Mutations
in different colors belongs three different sectors(green, sector 1; blue, sector 2; red, sector
3). Measurements were reported as the average values ± standard deviations from 10 times
free energy calculations of each mutation.

The purified histag-labelled bovine trypsinogen was activated by using histagged
entrerokinase which can recognize the VD4K (Val-Asp-Asp-Asp-Asp-Lys) peptide. 10 ng
enterokinase was added into 100 El reaction mix containing 350 ng bovine trypsinogen and
incubated at 25oC for 0, 3, 6 and 9 hours and 10 El mixture was sampled and analyzed by
western blot. The activation of bovine trypsinogen was defined as completed when the
histag-labelled VD4K disappeared on the western blot analysis. As can be seen in Figure
3.13, the histag band was totally disappeared after 3 hours of incubation.

102

3.4.2 Specific activity measurement
The specific activities of both wild type and mutants were measured on
succinylated casein. As shown in Figure 3.4, The specific activity of wild type bovine
trypsin gradually increased from 10oC and reach to the maximum when temperature is 4050oC, the specific activity was decreased abruptively and remained at 0.25 when
temperature is higher than 50oC. The specific activity measurement showed that the
optimum temperature of wild type bovine trypsin is 50oC. Similary, the specific activity
was gradually increased in mutant BT1 and reached to its highest at 50oC. Different with
wild type trypsin, the specific activity of mutant BT1 is around 10 folds higher. In mutant
BT2 and BT3, the optimum temperature was decreased to 30oC compared with wild type.
The highest specific activities of BT2 and BT3 are almost half of BT1 but still exhibit at
least 5 folds increase compared to wild type. The improved specific activity and the
decreased optimum temperatures proved that the mesophilic trypsin was engineered into a
psychrophilic trypsin when coevolved residues were replaced by the corresponding
residues from its psychrophilic counterpart salmon trypsin family.

3.4.3 Free energy measurement
To investigate whether mutations will lead to the structure change, the free energy
of each mutations was calculated using Medusa and compared to wild type. As shown in
Figure 3.5, most of mutations in sector 1 (mutant BT1) showed insignificant change of the
free energy, which proves that relatively stable structure upon mutations in sector 1. In
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sector 2, mutation S93Y, K145L and K145M didn’t lead to significant change of the free
energy. But T156P and K229Y mutations showed 4% and 6% percent decrease of the free
energy. The decreased free energy increases the stability of protein structure. In sector 3,
the free energy of all the mutations remained insignificant change. In all, the free energy
of each mutation either decrease or remain unchanged regarding to the free energy. In our
study, most of the selected mutation sites are located in the secondary structure (Y151N,
V154L, S217Y, Q221E, K222H, N223K, K224N, K145L, T229Y, T149A, S150D,
Y234N). Only mutations T21E, G62D, S93Y, K156P are located in the random loop or the
end of the beta-sheet. The relatively stable structure upon mutations proved that our
strategy on mutation design is successful.

3.5 Discussion
Statistical coupling analysis has been used to modify the different properties of
enzymes [15, 17, 18, 24-27]. It identifies amino acid positions that are mutable, functional
and likely to engage in synergistic interactions [18]. Selection of target mutation sites are
generally away from the active sites to eliminate the possibility of protein structure
unfolding. In a prior study of luciferase [ref], the top-weighted amino acids were selected
within 5 Å of an amino acid position to mitigate loss of secondary properties that occurred
during selection [18]. In our study, most of the selected mutation sites are located in the
secondary structure and 12 Å from the active site, which minimize the probability of
structure unfolding in the mutation process. This is also corroborated by the free energy
measurement using Medusa (Figure 3.5) and the successfully soluble expression in
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Yarrowia lipolytica. In Chapter 2, we arbitrarily designed mutations around the active sites
and found most of the residues cause the insoluble expression in E.coli. These results
together hint that free energy measurement could be an efficient strategy for rationa design
of mutations to avoid the unexpected structure unfolding. The significantly improved
specific activity and the decreased optimum temperature of mutants compared to wild type
proved that statistical coupling analysis is effective in rational design of enzyme traits in
temperature adaptation.
Expression of bovine trypsinogen in Yarrowia lipolytica has not been reported
before. Previous study of heterologous expression of bovine trypsinogen was in yeast
Pichia pastoris, where a single mutation in the activation site VD4K was replaced by VD5.
No trypsinogen was detected when the gene with its native secretion sequence was
expressed under the control of strong aox1 promoter, and it was concluded that the
expression of the wild-type bovine trypsinogen was toxic to the cells [28]. In our study,
wild type bovine trypsinogen was expressed in Yarrowia lipolytica successfully. Since Y.
lipolytica and P. pastoris both belong to non-conventional yeast, the different tolerance to
bovine trypsinogen might indicate different mechanisms of protein secretion between these
two yeasts. Another study of bovine trypsin expression was reported in Lactococcus lactis
[29]. The bovine trypsin gene was codon optimized and transformed into L. lactis strain
NZ9000 by electroporation. The expressed trypsin was detected in the protoplast fraction.
Purified bovine trypsinogen was activated by histagged enterokinase after 3 hours
incubation. In our study, histidine tag was fused on the N-terminus of VD4K activation
peptide for the better isolation of trypsin from trypsinogen. The successful activation of
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bovine trypsinogen depicts that the fusion of histag does not affect the recognition of VD4K
by enterokinase. In the study of bovine trypsinogen in P. pastoris, bovine trypsinogen was
activated by the dipeptidyl diaminopeptidase [28]. Zhang et al., put forward an autolysis
method where trypsinogen expressed in P. pastoris GS115 could be activated by the fused
artificial peptide TLmt [30].
In all, our study of bovine trypsinogen through statistical coupling analysis and
heterologous expression in Yarrowia lipolytica provide new evidence on the effects of
evolved residues in enzyme temperature adaptation study.

3.6 Conclusions
Several theories have been published regarding to the temperature adaptation of
enzymes. In the protein surface softness model, enzymes were able to change the activation
entropy and enthalpy compensation when the restraints was moved gradually from the
protein surface towards the active site [8-13, 31]. The active site flexibility theory believe
that the fluctuation of activaton was able to tune the temperature adaptation of enzymes [5,
6, 32-35]. Modification of enzyme temperature adaptation by engineering flexibility into
the active sites has been studied [7]. However, in the study of the thermophilic lipase
Geobacillus thermocatenulatus lipase (GTL) in chapter 2, mutations E316G and E361G
around the active sites led to both increased and decreased flexibility and rigidity and
brought the lots of properties such as the enhanced thermostability, the change on the
substrate size and psychrophilic traits. These results proves that it is necessary to consider
the allosteric nature in enzymes. As has been confirmed in the study of adenylate kinase, a
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more unfolded substrate binding domain was able to propagate the fluctuation into the
active and decrease the activation entropy value [14]. Similar results were also observed
by Dong et al. [36]. All of these results together hint that allosteric communication might
be potential direction to tune enzyme temperature adaptation.
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CHAPTER FOUR

ENGINEERING

THE

SECRETORY

PATHWAY

FOR

INCREASED ENZYME PRODUCTION OF T4 LYSOZYME
IN YARROWIA LIPOLYTICA

4.1 Abstract
Eukaryotic cells are preferred for the production of complex enzymes and
biopharmaceuticals due to their ability to form post-translational modifications and
inherent quality control system within the endoplasmic reticulum (ER). A non-model yeast
specie, Yarrowia lipolytica, has attracted attention due to its excellent protein secretion
capacity and advanced secretory pathway. Conventional means of improving protein
secretion in Y. lipolytica include codon optimization, increased gene copy number,
inducible expression, and secretory tag engineering. In this study, we develop effective
strategies to enhance protein secretion using the model enzyme T4 lysozyme. By
engineering a native secretion signal lip2prepro, we have successfully improved
extracellular levels of T4 lysozyme by 17-fold. Similar improvements were measured for
other heterologous proteins, including hrGFP and -amylase. . In addition to secretion tag
engineering, we engineered secretory pathway by expanding the ER and co-expressing
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important enzymes in the secretion tag processing pathway, resulting in further separate
three-fold and 15% improvement in T4 lysozyme secretion.

4.2 Introduction
As a dimorphic oleaginous yeast, Yarrowia lipolytica has been found widely
existing in soils, sea water and different kinds of food [1]. It is generally regarded as safe
(GRAS) by the Food and Drug Administration (FDA) [2] , motivating its use in a wide
range

of

industrial

applications,

including

heterologous

protein

production,

bioremediation, and value-added metabolites [3-7]. Interest in the application of this yeast
prompted the development of synthetic biology tools [8-12]. To promote Y. lipolytica as a
host for protein secretion, strains that have alkaline and acidic extracellular protease
knocked out and introduction of non-reverting auxotrophies [12, 13] have been established.
Yarrowia lipolytica is believed to be an extraordinary host for protein production
based on its secretory machinery being more complex than the model yeast,
Saccharomyces cerevisiae, due higher similarity to mammalian cells than to yeast, and the
extraordinary capacity for the production of extracellular enzymes [9, 14-16]. Even though
most of the possible individual elements of the secretory machinery have been identified
by either proteomics or comparative genomics approaches [14, 16], current strategies to
enhance the protein production mainly focus on codon optimization, increasing the gene
copy number, regulatory elements engineering and optimization of culturing conditions
[17, 18]. Engineering the secretory pathway to improve the protein production in Y.
lipolytica is largely neglected.
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Figure 4.1 Current strategies used to improve the protein yield in Yarrowia lipolytica.

Most of the extracellular proteins expressed in Y. lipolytica are fused with
endogenous secretion signals Xpr2prepro and Lip2prepro, or their hybrid sequences [1, 9,
17, 19] . Lip2prepro is a native secretion signal found in a lipase gene, LIP2. It is composed
of a 12 amino acid long pre sequence, an 8 amino acid long dipeptide stretch and a 12
amino acid long pro sequence. While directing translated peptides into the endoplasmic
reticulum (ER) from the cytosol, the dipeptide stretch is recognized and processed by
aminopeptidase in the ER. When the peptide is transported from the ER to the Golgi, the
pro sequence is cleaved off to produce mature protein [19]. In the secretory pathway, the
ER plays a key role in protein folding, post-translation modification, and quality control of
translated protein. It has been found that deleting the phosphatidic acid phosphatase gene,
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PAH1, impaired triacylglycerol formation and sterylester storage and triggered
proliferation of the ER membrane in Y. lipolytica [20, 21]. It was reported that protein
production in S. cerevisiae was enhanced by employing this strategy [22] .
In our study, secretion of the model enzyme T4 lysozyme was used to evaluate
strategies to increase protein secretion by Y. lipolytica. By optimizing the combination of
a native secretion signal lip2prepro and intron sequence, we have successfully improved
the extracellular titer of T4 lysozyme by 17 folds. We demonstrate the generality of the
combination optimization between the secretion leader sequence and intron sequence by
expressing hrGFP and α-amylase. To further improve the secretion yield, we co-expressed
important enzymes in the ER and Golgi body with the knockout of PAH1 gene in the ER.
Besides, we discuss our results with regards to other related work in Y. lipolytica and
proposed explanations for the observation differences.

4.3 Materials and Methods
4.3.1 Chemicals and reagents
Growth medium components were purchased from Difco Laboratories. Q5
polymerase chain reaction (PCR) components (Catalog number: M0419S) and T4
Polymerase (Catalog number: M0203S) were obtained from New England Biolabs®. All
chemicals used for buffers were bought from Sigma-Aldrich, unless stated otherwise. SDSPAGE gels (Catalog number: 4561096) and Precision Plus Protein All Blue Prestained
Protein Standards (Catalog number: 1610373) were obtained from Bio-Rad. Goat antirabbit IgG Polyclonal Antibody (IRDye® 800CW, Catalog number: 925-32211) were
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purchased from LI-COR Biosciences. HIS tag(H20) Antibody (Catalog number: DB063)
were bought from Delta Biolabs. Nitrocellulose membranes (Catalog number: 10600002)
were bought from GE Healthcare AmershamTM. gBlock fragments and oligos were
synthesized by Genscript Biotech and IDT DNA, respectively. Miniprep (Catalog number:
76358-832) and DNA Clean and Concentrate (D4004) kits were purchased from Zymo
Research.

4.3.2 Strains, primers and plasmid constructions
DH10β cells (NEB) were used for cloning and propagation of plasmids in Luria
Bertani (LB) media supplemented with 100 μg/mL ampicillin. E. coli cells were
transformed using a standard heat shock method [8]. Y. lipolytica strain PO1f (MATa leu2270 ura3-302 xpr2-322 axp1) (ATCC no. MYA-2613TM) was used for protein expression
studies. Primers used for vector constructions in this study are summarized in Table 1.
pSL16-tef-intron vector was amplified from a previously constructed plasmid containing
tef promoter, intron fragment and CYC terminator [8]. pSL16-tef-intron vector was ligated
with T4 lysozyme gBlock (Table 1) containing lip2prepro sequence using Sequence and
Ligation Independent Cloning (SLIC) method to produce pSL16-tef-intron-lip2prepro-T4
lysozyme [23]. pSL16-tef-intron-T4 lysozyme, pSL16-tef-intron-lip2pre-T4 lysozyme and
pSL16-tef-lip2pre-T4 lysozyme were derived from plasmid pSL16-tef-intron-lip2preproT4 lysozyme using exclusion primers listed in Table 1. Plasmids pSL16-tef-intronlip2prepro-GFP, pSL16-tef-intron-lip2pre-GFP, pSL16-tef-intron-lip2prepro- -amylase
and pSL16-tef-intron-lip2pre- -amylase were constructed by replacing T4 lysozyme gene
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in plasmids pSL16-tef-intron-lip2pre-T4 lysozyme and pSL16-tef-intron-lip2prepro-T4
lysozyme using the primers in Table 1. T4 lysozyme and α-amylase genes were codon
optimized for Y. lipolytica strain and synthesized with Histidine tag in Genscript.
To construct Ste13 coexpression plasmids, STE13 gene (diaminopeptidase) was
amplified from the genome of Saccharomyces cerevisiae with the inclusion of an ER
retention signal RDEL. Two plasmids (pSL16-tef-intron-ste13 and pSL16-tef(star)-ste13)
with different expression strength were constructed and their expression cassettes were
PCR amplified and ligated with plasmid pSL16-tef-intron-lip2pre-T4 lysozyme. All PCR
amplifications were performed using Q5 polymerase (NEB). PCR products were purified
using DNA Clean and Concentrate kit (Zymo Research). Ligations were performed by
using Sequence and Ligation Independent Cloning (SLIC) described previously [23]. The
his-tagged hrGFP gene was PCR amplified from our plasmid stock [8].

4.3.3 Media and cell growth conditions
E. coli cells were grown in liquid LB media (1% tryptone, 1% sodium chloride and
0.5% yeast extract) and cultured in 37 °C shaker with speed at 250 rpm overnight. Y.
lipolytica cells were cultured in 50 mL liquid YSC-LEU media (2% glucose, 0.1 M sodium
phosphate buffer (pH 7.0), 6.7 g/L YNB without amino acids (Difco), 0.69 g/L CSM-LEU
(MP Biomedicals)) in 250 mL baffled flasks at 28 °C and 215 rpm for 48 hours. Agar plates
were prepared by adding 1.5% agar to either of the above liquid media. Antibiotics were
added where necessary.
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4.3.4 Generation and identification of PAH1 knockout strain
To construct the CRISPR vectors for PAH1 knockout vectors, NsiI (Catalog
number:

R0127S,

NEB)

was

used

to

digest

Parent_NsiI_Crispr_Leu

and

pIW357_Parent_NsiI_URA. Corresponding primers were used to produce inserts by
gradient annealing method (Table 1). The NsiI linearized vectors and annealing products
were purified and assembled using Gibson assembly [24]. After confirmation by Sanger
sequencing from Genewiz, CRISPR knockout plasmids were transformed into the Y.
lipolytica PO1f strain using the one-step transformation method described previously [25].
Transformants were screened by colony PCR and positive colonies were confirmed
by Sanger sequencing from Genewiz. Counter-selection of the CRISPR knockout plasmids
were performed using YPD agar plates (20 g/L dextrose, 20 g/L Peptone, 10 g/L yeast
extract and 1.5% agar).

4.3.5 Preparation of proteins in supernatants and cell lysates
Y. lipolytica cultures were cultivated in 50 mL YSC-Leu+2% glucose media as
described above for 48 hours in biological triplicate. The OD600 values were measured and
normalized to an OD600 of 26 for each flask. 40 mL OD600 value-normalized cultures were
centrifuged at 3500 rpm and room temperature. Supernatants were collected and
concentrated 40-fold using an Amicon Ultra-15 Centrifugal Filter Unit with a 10 kDa
molecular weight cutoff (MWCO) value by centrifugation at 3500 rpm and 4 °C.
Concentrated supernatants, containing soluble extracellular proteins, were stored at 4 °C
until use.
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Separately, collected cell pellets were resuspended in 5 mL 20 mM sodium
phosphate buffer (pH 7.0). 1 mL resuspended cells were added into 2 mL bead milling tube
with one scoop of glass beads. Bead milling was performed for three cycles with 3 minutes
for each cycle to guarantee complete lysis. Cell lysates were spun down at 12000 x g for 2
min, and the supernatant was collected. The supernatant, containing soluble intracellular
proteins, were stored at 4 °C until use.

4.3.6 SDS-PAGE and immunoblot analysis
Prepared intracellular and extracellular protein fractions described above were
separated by SDS-PAGE using 4-20% Mini-PROTEAN® TGX™ Precast Protein gel (Bio
Rad) according to manufacturer protocol. After separation, the proteins were transferred
onto a nitrocellulose membrane using a wet transfer protocol [26]. Membranes were
blocked in 5% Bovine Serum Albumin (BSA) solution for 30 min at room temperature,
and then incubated in primary antibody solution (1:250 dilution of H20 antibody, 0.05%
sodium azide and 2% nonfat milk in TBST buffer(Tris 20mM, NaCl 150mM, Tween 20
0.1%(v/v))) overnight at 4 °C. Membranes were washed 3 times in 20 mL TBST buffer for
5 min, and then incubated in 20 mL secondary antibody solution (5% BSA, 1:20000
dilution of Goat anti-rabbit IgG Polyclonal Antibody in TBST buffer) in the dark at room
temperature. The secondary antibody solution was washed from the membrane by shaking
with 20 mL TBST buffer three times for five mins per wash. Membranes were imaged on
LI-COR Odyssey CLx imaging system.
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4.3.7 Enzyme linked immunosorbent assay (ELISA)
Black 96-well immunno plates (Catalog number: 12-566-24, Thermo Fisher
Scientific) were incubated with 200 µL prepared intracellular and extracellular samples
buffer-exchanged with coating buffer (10mM phosphate buffer (pH 7.4), 150 mM NaCl,
0.1% sodium azide) at 37 °C for 30 min. The plate was washed with 200 µL PBST (10 mM
phosphate buffer (pH 7.4), 150 mM NaCl, 0.1% sodium azide, 0.05% Tween20) three
times. 200 µL ELISA blocking buffer (50 mM Tris-HCl (pH 8.0), 1% BSA) was added to
each well and incubated at room temperature for 30 min. After, the plate was washed with
PBST buffer three times. 200 µL primary antibody (Goat anti-rabbit IgG Polyclonal
Antibody, Delta Biolabs) in blocking buffer (v/v 1:100) was added to each well, and the
plate was incubated at room temperature for 2 hours. The plate was washed with PBST
buffer as before. 200 µL secondary antibody (Goat anti-rabbit IgG antibody, HRP
conjugate) diluted in ELISA blocking buffer (1:3000 v/v) was added to each well, and the
plate was incubated for 2 hours at room temperature. 200 µL ECL substrate (Bio-Rad) was
added to each well, and the plate was incubated in the dark for 30 minutes.
Chemiluminescence was measured using plate reader (BioTek Synergy Mx).

4.3.8 Enzyme yield calculation
Pure histagged T4 lysozyme was used as the standard to find the correlation
between the protein concentration and the chemiluminescence signal intensity. The
measured chemiluminescence signal intensities of different samples were converted to the
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protein concentration in Eg/L and then divided by the measured OD600 values to produce a
specific secretion yield in Eg/L/ OD600.

4.3.9 Quantitative Reverse Transcription PCR (qRT-PCR)
Y. lipolytica transformants grown in 50 mL YSC-Leu+2% Glucose liquid media
for 48 hours. Cell culture OD600 was normalized to 10, and 1 mL was centrifuged at 2000g
for 2 minutes at room temperature. Total RNA was extracted immediately using Qiagen
RNA Yeast kit(Catalog number 74140, Qiagen). RNA extractions were placed at -80 °C
until further use. RNA, qPCR primers, and Quanta Biosciences qSCRIPT One-Step SYBR
Green RT-qPCR master mix was used according to manufacturer protocol, loaded into the
qPCR plate (Catalog number: HSP9601, Bio-Rad) and sealed with heat-resistant film
(Catalog number 60941-078, VWR). All the qPCR primers are listed in Table 1. qRTPCR was performed by following the standard protocol from Quanta Biosciences using the
CFX Connect Real-Time (Bio-Rad).

4.4 Results
4.4.1 Optimization of the combination between intron and lip2prepro improves the
secretion of protein
The TEF promoter is a commonly used strong constitutive promoter in Yarrowia
lipolytica recently. As an evolutionarily conserved feature, the effect of introns was found
to increase the gene expression in different organisms including insects, fungi, mammals,
nematodes and plants [27] . In most cases, the increased expression level of genes is
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attributed to the transcript stability [27-29] . It was previously reported that the combination
of a 122-bp spliceosomal intron sequence with TEF promoter improved the expression
level of .-galactosidase by 17 folds [30]. The lip2prepro promoter is commonly used for
the secretion of enzymes in Y. lipolytica but is comparatively weaker than TEF-intron[19].
In our study, we first examined the impact of using the TEF intron sequence with the native
secretion signal lip2prepro for the secretion of T4 lysozyme. The specific titer of the
secreted T4 lysozyme was 18.20 Eg/L/OD600 with only native lip2prepro secretion signal.
Removal of the pro sequence from native lip2prepro secretion signal leads to a 4-fold
increase of the yield and the concentration of the secreted T4 lysozyme reached 73.5
Eg/L/OD600. Interestingly, this significant increase was accompanied by a 50% reduction
in the expression level of T4 lysozyme indicating the pro sequence disrupted protein
folding rather than help it. Further replacement of lip2prepro secretion signal with intron
sequence was able to increase the specific titer again and improve the concentration of T4
lysozyme to 183.02 Eg/L/OD600 . qPCR analysis of relateive mRNA levels revealed a 4
folds higher mRNA expression level, which likely caused the increase in T4 lysozyme
specific titer. Inclusion of secretion signal into the TEF-intron construct didn’t lead to
further increase of the T4 lysozyme secretion, while the mRNA expression level was
reduced significantly. Removal of the pro sequence from the secretion signal did not lead
to significant change of the gene expression level but did further enhance the yield of the
T4 lysozyme to 300.78 Eg/L/OD600 .
The generality of the pro sequence detriment on the protein secretion was further
investigated using GFP and -amylase expression. Interestingly, the specific titer of both
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proteins was reduced to less than 30 Eg/L/OD600 compared to the T4 lysozyme yield under
the optimized construct. Furthermore, as shown in Figure 26, both the secretion level of
GFP and -Amylase showed consistent increase upon the removal of the pro sequence
from the TEF-intron-lip2prepro construct. The secretion level of GFP almost doubled when
the pro sequence was deleted. At the same time, the secretion level of -Amylase showed
4-fold increase upon pro sequence deletion. These results are consistent with the
observation in the secretion of human interferon α 2b in Y. lipolytica [17]. In summary,
the secretion level of T4 lysozyme was improved by around 20 folds after optimizing the
combination of intron sequence and secretion signal sequence. Therefore, we have
removed the pro- sequence from our secretion promoters moving forward.

a
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b

Figure 24 Optimization of the combination between intron and lip2prepro for the
improvement on the secretion of T4 lysozyme. T4 lysozyme expression was performed
under the control of TEF promoter with different constructs in shake flasks. Changes were
statistically compared between with and without pro constructs (lane 1 and 2, 4 and 5).
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Measurements were reported as the average values ± standard deviations from individual
triplicate.

Figure 25 Comparison of mRNA levels of T4 lysozyme from different constructs. mRNA
levels are represented as copy number relative to the copy number of the housekeeping
gene 0-actin. The expression was normalized using the ∆∆CT method. All changes were
measured with the comparison to lip2prepro construct (lane 1). Measurements were
reported as the average values ± standard deviations from individual triplicate.
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Figure 26 Removal of pro sequence promotes the secretion of GFP and /-Amylase. Both
the expression of GFP and /-amylase was performed under the control of TEF promoter
with or without pro sequence in shake flasks. Changes were measured with comparisons
to pro sequence including constructs (lane 1 and 3). Measurements were reported as the
average values ± standard deviations from individual triplicate.

4.4.2 Co-expression of STE13 and ERV29 in PAH1∆ strain improve the secretion level
The endoplasmic reticulum (ER) and the Golgi body are two important
compartments in the protein synthesis and secretion pathway. In Y. lipolytica, initially
translated are co-translocated into ER with chaperones for peptide folding, glycosylation
and quality control [9]. Folded peptides are packed into COPII vesicles and then
transported into Golgi body for further post-translation modification [16]. We targeted
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both the ER and Golgi were targeted to improve the secretion capability of T4 lysozyme.
Phosphatidic acid phosphatase encoded by PAH1 is responsible for the synthesis of the
diacylglycerol (DAG) of the storage lipid TAG. According to Guerfal et al.[20], knockout
of PAH1 will disrupt the synthesis pathway and direct the fatty acid to the proliferation of
ER membrane. We hypothesized that an expanded ER will increase the processing
efficiency of the secreted proteins and thus improving the secretion level of T4 lysozyme.
To test our hypothesis, the optimized construct TEF-intron-lip2pre-T4 lysozyme was
transformed into Y. lipolytica po1f and pah1∆ strains separately and their secretion levels
of T4 lysozyme were compared. As shown in Figure 29, knockout of PAH1 gene does not
lead to significant change on the secretion level. In the meantime, mRNA quantification
revealed that the expression level of the T4 lysozyme was decreased significantly by more
than 50% when expressed in pah1∆ strain (Figure 30, lane2).
ERV29 encodes the ER exit receptor and is important for packing the secretory
proteins into COPII vesicles [16]. Disruption of ERV29 in S. cerevisiae was reported to
decrease the secretion level of the heterologous enzyme [22]. In our study, the same ERV29
gene from S. cerevisiae was co-expressed under both weak and strong promoters with the
optimized construct TEF-intron-lip2pre-T4 lysozyme. Surprisingly, the secretion level of
T4 lysozyme was reduced significantly to 206.71 Eg/L/OD600 when expressed under the
control of strong promoter in po1f strain. This change is inconsistent with the reported
observation in S. cerevisiae [22]. However, the secretion level of T4 lysozyme was almost
tripled when the co-expression construct was transformed into pah1 ∆ strain. The
insignificant change in the gene expression levels and the inconsistent change in secretion
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levels between the optimized construct and the co-expression construct in pah1∆ strain
might hint at a different mechanism of protein exit in ER in Y. lipolytica than in S.
cerevisiae. In addition, the secretion level of T4 lysozyme was changed insignificantly
when ERV29 was co-expressed under the weak promoter TEF(star) in either po1f or pah1∆
strains . Interestingly, the mRNA level of T4 lysozyme under weak promoter showed 1.5fold increase in pah1∆ strain compared to the coexpression in po1f strain.
STE13 encodes dipeptidyl aminopeptidase A which can be used to cleave the signal
peptide with recognition site X-Ala/X-Pro in Golgi [31]. It has been applied in the
maturation of peptides and small molecule proteins in S. cerevisiae [32, 33]. In our study,
STE13 from S. cerevisiae was also co-expressed with T4 lysozyme under both weak and
strong promoter. The secretion level of T4 lysozyme was significantly decreased to ~38.19
Eg/L/OD600 when it was co-expressed with STE13 under strong promoter in po1f strain
(Figure 29, lane 7). mRNA quantification indicates that the decrease in the secretion is
accompanied by higher mRNA level which may lead to protein aggregation in the folding
process. This was then alleviated with mRNA level decreases by more than 50% in pah1∆
strain (Figure 30, lane 8). Similar observation on the negative correlation between secretion
level and the gene expression level was found when STE13 was co-expressed under weak
promoter in po1f strain where the secretion level returns from ~38.19 Eg/L/OD600 (Figure
29, lane 7) to ~291.53 Eg/L/OD600 (Figure 29, lane 9). A further improvement on the
secretion level was observed when the STE13 co-expression construct was transformed in
pah1∆ strain . Compared with the initially optimized construct, T4 lysozyme secretion
yield was increased from ~300.78 to 349.23 E g/L/OD600 when the dipeptidyl
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diaminopeptidase STE13 was co-expressed under weak promoter in pah1∆ strain. At the
same time, the expression level of T4 lysozyme remains the same between po1f and
pah1∆ strains when expressed under weak promoter.
Different observations were found when the secretion levels of constructs (Figure
29) were normalized by the gene expression levels (Figure 30). As shown in Figure 31,
The specific secretion level of the optimized construct was improved significantly when it
was transformed into pah1∆ strain. This is different with the observation in Figure 29
where the secretion level remains insignificantly changed when the optimized construct
transformed in pah1∆ strain. It could be concluded that the decrease of the gene expression
level in pah1∆ strain inhibit the secretion yield of T4 lysozyme. Guerfal et al. found that
when G-protein coupled receptors (GPCRs) were integrated into the genome of Yarrowia
lipolytica pah1∆ strain and po1f strain, the protein expression level in pah1∆ strain was
significantly enhanced while the mRNA level was only modestly enhanced [20]. The
decreased mRNA level of T4 lysozyme in pah1∆ strain might hint that the stability of
mRNA was also affected when the carbon source in the media is glucose rathan than oleic
acid. Besides, the modest decrease in the secretion level of the ERV29 co-expression
construct with strong promoter was recovered to the same level with the optimized
construct when the secretion level was normalized with the gene expression level (Figure
31, lane 3). The significant increase in the specific titer over expression level of ERV29
strong overexpression construct when transformed in pah1∆ strain confirmed that coexpression vector could improve the mRNA stability and lead to the high secretion titer of
T4 lysozyme.
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Figure 27 Overview of the strategies applied in the secretory pathway engineering in
Yarrowia lipolytica [9, 20, 22]. Exported mRNA from nucleus was co-translated and
translocated into ER. Nascent polypeptide was folded with molecular chaperones and then
exited from ER through ERV29 exit receptor. The exited polypeptide was encapsulated
into COPII coat and merge with Golgi membrane. After post modification (such as
endoprotease and diamino peptidase processing, etc.), mature polypeptide was secreted
outside the cell. The ER membrane was engineered by deleting PAH1 gene and direct the
phospholipid acid for the synthesis of ER. PA, phospholipid acid; DAG, diacylglycerol;
TAG, triacylglycerol; LD, lipid droplet; ERV29, ER exit receptor.
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Figure 28 Schematic presentation of the major steps in phospholipid biosynthesis in yeast.
Phosphatidic acid phosphatase, encoded by PAH1, catalyzes the dephosphorylation of PA
to DAG, the precursor of the storage lipid TAG (there are 3 more genes coding for enzymes
with this activity in yeast, but only PAH1 is involved in the synthesis of TAG and the
regulation of phospholipid synthesis). All phospholipids can be derived from PA, with the
exception of phosphatidylinositol which needs exogenous inositol input. PA, phosphatidic
acid; DAG, diacylglycerol; TAG, triacylglycerol; PI, phosphatidylinositol; CL, cardiolipin;
PS, phosphatidyl-serine; PE, phosphatidylethanolamine; PC, phosphatidylcholine. Figure
based off [20].
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Figure 29 Overexpression of ERV29 and STE13 in pah1∆ strain affect the secretion of T4
lysozyme. Overexpression of ERV29 and STE13 were performed under both strong (with
intron) and weak (with star) promoters with the combination of the optimized construct.
Changes were measured with comparisons to the optimized construct (lane 1).
Measurements were reported as the average values ± standard deviations from individual
triplicate.
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Figure 30 Comparison of mRNA levels of T4 lysozyme from different constructs. mRNA
levels are represented as copy number relative to the copy number of the housekeeping
gene 0-actin. The expression was normalized using the ∆∆CT method. All changes were
measured with the comparison to the optimized construct (lane 1). Measurements were
reported as the average values ± standard deviations from individual triplicate.
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Figure 31 Comparison of mRNA levels of T4 lysozyme from different constructs. mRNA
levels are represented as copy number relative to the copy number of the housekeeping
gene 0-actin. The expression was normalized using the ∆∆CT method. All changes were
measured with the comparison to the optimized construct (lane 1). Measurements were
reported as the average values ± standard deviations from individual triplicate.
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Figure 32 Comparison of cell density from different constructs.

4.5 Discussion
Y. lipolytica has been considered as a competitive GRAS (Generally Regarded as
Safe) strain for the production of secreted protein due to its enhanced secretory capability
compared with conventional yeasts. Its larger secretome size, increased number of the
plasma membrane SNARE complexes and higher similarity with mammalian cells all
together make it a promising candidate for protein production [9]. Even though detailed
secretory pathway comparison between Y. lipolytica and conventional yeasts, especially S.
cerevisiae, has been summarized and Y. lipolytica secretion-related genetic tools are
developed, secretory pathway engineering was largely neglected [9, 16]. Past work
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focused on the development of the secretion signal for better protein production yield in
Y. lipolytica [9, 10, 19, 34, 35]. In the native secretion signal lip2prepro, the pro sequence
was regarded as unnecessary for the secretion but necessary for the folding of some serine
protease-like proteins. Removal of pro sequence in lip2prepro was reported to enhance the
protein production of human interferon -2b compared to the construct with an intact
lip2prepro sequence [17]. In our study, T4 lysozyme secretion increased when the pro
sequence was removed (Figure 24, lane 1 and 2). At the same time, the gene expression
level was decreased significantly, which is different compared with previous studies where
the gene expression level was not affected by removing pro sequence [17]. It has been
reported that the secretion signal region could serve as a nuclear export signal of mature
mRNA. Deletion of pro sequence in the secretion signal might impair this function and
reduce the mRNA export efficiency from nucleus to cytosol [36, 37]. Inclusion of an intron
sequence increases the gene expression level by 3 folds (Figure 4.2, lane 3), which is
consistent with prior reports [30]; however, the higher expression level was then reduced
when either prepro or pre sequence was added. Some introns have been regarded as a gene
expression enhancers via containing regulatory elements, enhancing the mRNA stability,
facilitating mRNA export and increasing transcription initiation rates [27, 30, 38]. But its
enhancement in mRNA export from nucleus could be compromised when 5’ untranslated
regions (UTR) introns were in the presence of genes containing signal sequence coding
region (SSCR) [37]. This incompatibility between 5’UTR introns and SSCR could explain
the decrease of the gene expression level when intron was combined with secretion signal.
The generality of removing the pro sequence to enhance protein secretion is further proved
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in the secretion of -amylase and green fluorescent protein(GFP) in Figure 4.4. It can be
seen clearly that the secretion of both proteins was improved significantly upon the removal
of pro sequence. Interestingly, the specific titer of both proteins was reduced to less than
30 Eg/L/OD600. This change might hint that the secretion of proteins in Y. lipolytica could
be size dependent, which is in consistent with the observations on .-glycosidase secretion
[39].
ER expansion has been the engineering hotspot recently in ER related studies. It
was reported that pah1∆ was able to enhance the membrane protein expression in Y.
lipolytica and improve the expression of membrane-associated enzymes for triterpene
synthesis in S. cerevisiae [20, 40]. A study of secretion pathway engineering in S.
cerevisiae directly proved that pah1∆ was able to improve the secretion yield of
heterologous proteins significantly by enhancing the level of trafficking vesicle formation
and ER processing capability [22]. However, in our study, direct transformation of either
the optimized vector or ERV29 co-expression construct under the weak promoter into
pah1∆ strain didn’t exhibit significant improvement of T4 lysozyme secretion (Figure 29,
lane 1 and 2, lane 5 and 6). Instead, the expression level of T4 lysozyme in pah1∆ strain
was reduced 64% and increased 150% separately (Figure 30, lane 2 and 6). This could be
explained by the ER stresss when ERV29 was coexpressed in strong promoter(Figure 30,
lane 3 and 4). This stress was alleviated by the knockout of pah1 gene. That’s why a
significant increase in the specific titer was observed. Besides, This insignificant change
on the protein secretion in pah1∆ strain directly supports the conclusion that the existence

141

of other activities in pah1∆ strain compensate for the loss of PAH1 in TAG biosynthesis
[21].
In the study of secretory pathway engineering in S. cerevisiae, overexpression of
ERV29 under a strong promoter was shown to improve secretion of endoglucanase [22].
Overexpression of ERV29 also increased the accumulation of -amylase in S. cerevisiae
ER [41]. Differing from these previous observations, overexpression of ERV29 under
either a strong or weak promoter in Y. lipolytica po1f strain was unable to improve the
secretion yield of T4 lysozyme (Figure 29, lane 3 and 5). Similarly, overexpression of
STE13 under strong and weak promoters in pah1∆ strain also have higher secretion yields
compared to the po1f transformants. STE13 encodes diaminopeptidase to cleave the
XA/XP recognition site in the secretion signal in Golgi compartment [42]. Overexpression
of STE13 to improve the secretion of proteins is seldom reported so far. Even though our
strategy of using STE13 with differing strength of promoters was unable to improve the
yield of T4 lysozyme in po1f strain, it proves the overexpression of STE13 under strong
promoter impairs the protein production. This impairment can be alleviated when STE13
was overexpressed under weak promoter (Figure 29, lane 7 and 9). This may impy that the
weak coexpression of STE13 is enough to process the secreted polypeptide while strong
overexpression may decrease the processing efficiency.

4.6 Conclusion
Engineering the secretory pathway of conventional yeasts for improved protein
production has been studied thoroughly [16, 22, 41, 43-46]. Even though the secretory

142

difference with conventional yeast S. cerevisiae has been reviewed and related genetic tools
have been developed, studies of secretory pathway engineering for protein production in
the non-conventional yeast Y. lipolytica has not been reported yet [9, 16, 19, 34]. In this
study, gene expression and ER entry was first investigated. A 16-fold improvement in the
secretion production of T4 lysozyme was achieved after the inclusion of intron and
optimization of its combination with secretion signal. At the same time, the combination
was found affecting the gene expression level. To achieve further increase in the protein
production, ER and Golgi body were then focused on. ER expansion has been reported
improving the membrane protein yield in Y. lipolytica and enzyme secretion in S.
cerevisiae. In our study, a direct transformation of the optimized construct into pah1∆
strain was unable to improve the protein production significantly. Instead, similar increase
in the secretion yield was observed when overexpression constructs of ERV29 and STE13
were transformed into pah1∆ strain. Direct overexpression of the ER exit receptor ERV29
and diamino peptidase STE13 under both strong and weak promoter in po1f strain were
unable to lead any improvement in secretion yield. A nearly 3-fold further improvement of
the secretion yield was seen when ERV29 was co-expressed under strong promoter in
pah1∆ strain. Our results hint that a different mechanism of secretion regulation might exist
in ER and Golgi body in Y. lipolytica.
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CHAPTER FIVE

CONCLUSIONS AND FUTURE DIRECTIONS

With the increasing rate of urbanization and modernization in the world, human
activity is relying more on the enzymes in detergents, hydrolysis in food, brewing, baking,
paper bleaching, textile, environment bioremediation and production of chiral compound
to improve the life quality. Among all of these applications, one of the most fundamental
questions is how to conquer the activation energy barrier to make the enzymatic reaction
much easier. Our study on enzyme temperature adaptation provide a another angle to
understand the internal relationship between enzyme structure and biochemical properties.
Besides, the expanding global enzyme market demands more and more efficient enzyme
production. Therefore, seeking for a potent cell factory for protein production is of
importance. Yarrowia lipolytica is a generally regarded as safe strain and utilized in food
processing for many years. Its traits such as wide substrate utilization range (oleic acid,
glycerol, fatty acid) and dimorphic nature have made this strain a promising alternate for
enzyme production.
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5.1 Conclusions
In Chapter 2, a thermophilic lipase from Geobacillus thermocatenulatus was
engineered with the psychrophilic traits by introducing the flexibility into the active sites.
It was observed that the most of the point mutations around the active sites were detrimental
to the enzyme activity and structural stability. The soluble expression of mutants E316G
and E361G were able to increase the specific activity on substrate p-nitrophenol butyrate
but not on p-nitrophenol octoanate and p-nitrophenol laureate. Besides, mutations
enhanced the thermostability of the thermophilic lipase significantly. The thermodynamic
parameters of the mutants proved that the psychrophilic traits were engineered into the
thermophilic lipase without disturbing the secondary structure significantly. Molecular
dynamic simulation found that the engineered flexibility was propagated and cause the
overall structural change where the main change is located on the lid domain. Interaction
energy difference between mutants and wild type revealed that several charged residues
act as allosteric hubs to make the complicated change on structure and properties.
To avoid the unnecessary perturbation on the enzyme structure, in Chapter 3, a
mesophilic enzyme bovine trypsin was used as a model to analyze the coevolved residues
by a bioinformatics tool statistical coupling analysis. The coevolved residues in mesophilic
play important role in enzyme structural stability and activity. Replacment of these residues
with the corresponding residues on the psychrophilic counterpart salmon trypsin provide a
new approach to engineer cold activity. Besides, the codon optimized bovine trypsinogen
was successfully expressed in nonconventional yeast Yarrowia lipolytica. The expressed
bovine trypsinogen was then purified by using Ni-NTA column and activated by
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enterokinase. The stable expression of bovine trypsinogen in Y. lipolytica might implies
different tolerance mechanism compared to its failed expression in Pichina pastoris.
In Chapter 4, the protein secretory pathway in Y. lipolytica was engineered to
improve the heterologous expression of T4 lysozyme. The combination of intron sequence
and the secretion signal pre and pro fragments were optimized and achieved nearly 17 folds
increase in the enzyme yield. Addition of intron sequence and removal of pro sequence
both led to the increase of the gene expression level. Further improvement of secretion
level was achieved by the overexpression of an diamino peptidase ste13 under weak
promoter and the overexpression of ER exit receptor ERV29 under strong promoter in
pah1∆ strain. Direct transformation of the optimized construct into pah1∆ strain was
unable to produce the improvement of the secretion yield. This finding was explained by
the pah1 compensation mechanism in which the hindered synthesis of TAG
(triacylglycerol) and lipid upon pah1 knockout was compensated by the other PAP-like
(phosphotidic acid phosphatase) enzymes.

5.2 Recommendations
The recommendations discussed are the opinions of this author. They are broken
into two categories: 1) high throughput screening of robust enzymes and 2) genome-wide
engineering of non-conventional yeast Yarrowia lipolytica.
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5.2.1 High throughput screening of robust enzymes
5.2.1.1 High throughput site directed mutagenesis
As has been concluded in Chapter 2 and 3, allosteric communication could be
employed to propagate the entropy from the protein surface to the active site and tune the
entropy-enthalpy balance in the enzymatic reaction. Bioinformatics tools like statistical
coupling analysis (SCA) have been proven effective in modifying the enzyme properties
by replacing the coevolved residues which may form allosteric networks. Other
computation-based allostery communications tools have also been reviewed in Chapter 1
[1-6]. Replacing the allosteric residues with entropy donor residues could be effective in
changing the temperature adaptation of enzymes without significantly causing undesired
structural change. As mentioned in the methods in Chapter 2, rational design of mutations
to change the temperature adaptation of enzymes relies on site directed mutagenesis.
However, individual point mutation is only effective when the mutation library size is small.
Therefore, improvement on the mutagenesis scale and accuracy will no doubt speed up the
development of robust enzymes. High throughput site directed mutagenesis generally
utilize 96 well plates as the platform to complete the mutation, transformation and
screening at the large scale. For example, by combining with Gibson assembly,
Heydenreich et al. developed a two-fragment PCR based high throughput mutation pipeline
to replace the traditional one-fragment mutation approach for the generation of mutation
library [7]. In this study, the developed pipeline was able to produce as high as 83%
successful mutations from the sequencing results.

153

Figure 33 Overview of the high throughput mutagenesis technique. Two PCR reactions
are done per mutant, in each of them approximately half of the vector is amplified. Two
fragments containing one mutation are combined, followed by DpnI digestion at 37oC
overnight. Reaction clean-up is performed to purify DNA fragments, which are then
assembled by Gibson assembly reaction. Bacteria are transformed with the resulting
circular plasmid and plated on selective LB agar plates. Figure based off [7].

The design of primers annealing on the origin of replication in the vector offers
several advantages 1) same pair of the origin of replication primers can be used in all cases

154

and 2) only plasmid DNA with a properly assembled replication origin can be replicated
in bacterial cells and produce colonies on plates with selection antibiotic and 3) an origin
of replication is usually situated on a plasmid approximately “ opposite” the gene of interest,
which results in more or less balanced sizes of the two vector fragments that are to be
assembled [7].

5.2.1.2 High throughput screening
Screening the robust enzyme mutants relies on the specific activity measurement.
However, the screening will become complicated when the mutant library increases.
Microfluidic-based screening has been ued in strain engineering, metabolic pathway
engineering and enzyme function dissecting [8-14]. By designing the match between the
fluoregenic substrate and the reporter enzyme, the activity of the enzyme could be reflected
by the change of the fluorescence signal produced in the emulsified microfluidic droplet.
Desired mutants could be sorted by the signal-based fractioner when the single microfluidic
droplet passed through the channel sequentially. Mutants with desired traits can be
collected by adding extra screening conditions. For example, in the study of the enzyme
thermostability-sequence relationship, millions of glycosidase mutants were encapsulated
in microdroplet and incubated at high temperature before flowing through the screener.
The collected mutants provide a comprehensive and unbiasesd view of the enzyme function
landscape and reveal previously unreported sites that are crucial for glycosidase function
[8].
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Figure 34 Overview of the microfluidic screening workflow. A library of enzyme variants
is expressed in E.coli, and single cells are encapsulated in microdroplets that contain lysis
reagents and a fluorogenic substrate. The droplets are incubated offline and reinjected onto
a microfluidic sorting device. The florescence of each droplet is analyszed. If a droplet’s
fluorescence meets the specified criteria, an electric pulse is used to merge its contents with
the aqueous collection stream. The sorted DNA is then recovered for downstream
processing. Figure based off [8].

Similarly, to screen robust enzymes from the allosteric mutants, external condtions
such as the low/high temperature incubation could be added before sorting and the whole
screening workflow could be recycled rounds by rounds with the new sorted mutant library.
As has been proven in the glycosidase function-sequence relationship study, the analysis
of the screened mutations could provide new perspective in the study of the enzyme
structure-temperature adaptation-catalysis relationship.
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5.2.2 Genome-wide engineering of non-conventional yeast Yarrowia lipolytica for enzyme
production
Several approaches could be taken to further mine the potential of non-conventional
yeast Yarrowia lipolytica as a workhorse for the production of protein. Traditional methods
such as physical and chemical mutagenesis have been proven effective in screening
mutants by combining with agar plate-based halo assay. With the development of gene
editing tools, modifying the strain genome or tuning the gene expression level have been
effective and efficient in strain development or metabolic engineering, detailed studies
have been reviewed by Zhao et al. and Dai et al. [14, 15]. Most of these studies rely on
efficient screening method such as microfluidic-based and 96-well plate-based high
throughput screening methods.
CRISPR-Cas9 based genome editing have been applied in Yarrowia lipolytica [1621]. The development of dual CRISPR-Cas9 cleavage method allows fast and robust gene
excision [16]. Besides, screening in the presence and absence of native DNA repair enabled
high-throughput quantification of sgRNA function leading to the identification of high
efficiency sgRNAs that cover 94% of genes [21]. In our study, to reveal potential genome
knockout sites that are beneficial for protein secretion in Y. lipolytica, the CRISPR-Cas9
high efficiency sgRNA library was transformed into a -amylase integrated po1f strain.
Secreted -amylase is able to digest the soluble starch into glucose and further increase the
cell growth rate. When meet with fluorogenic substrate BODIPY, the secreted

-amylase

will produce the fluorescent signal in the cell culture. Based on these two rounds of
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screening on starch agar plate and liquid media, the library mutants with improved
secretion capability.

a

b

Figure 35

Overview of the genome-wide engineering approaches. a, Genomic scale

mutation methods: physical and chemical mutagenesis, dCas9 interference, Cas9 knockout,
RNA interference and dCas9 activation. b, High throughput screening methods: robotic
arm-aided 96 well plate screening, and microfluidic droplet based screening.
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Appendix A
Supplementary Tables for Chapter 2
Supplementary Table 14 Primer pairs for site directed mutagenesis
Forward

CGGTGGTAGAGTGCATATTATTGGG
CATTCACAGGGCGGTCAGACC

Reverse

GGTCTGACCGCCCTGTGAATGCCCA
ATAATATGCACTCTACCACCG

Forward

GGTAGAGTGCATATTATTGCCGCTTC
ACAGGGCGGTCAGACCGCA

Reverse

TGCGGTCTGACCGCCCTGTGAAGCG
GCAATAATATGCACTCTACC

Forward

GGTAGAGTGCATATTATTGCCGGTTC
ACAGGGCGGTCAGACCGCA

Reverse

TGCGGTCTGACCGCCCTGTGAACCG
GCAATAATATGCACTCTACC

Forward

GCTGGGCATTGATGACCGCGGGCTC
GAAAACGACGGTATTG

Reverse

CAATACCGTCGTTTTCGAGCCCGCGG
TCATCAATGCCCAGC

Forward

CATTGATGACCGCTGGCTCGGGGAA
GACGGTATTGTAAATACCG

Reverse

GGTATTTACAATACCGTTTCCCCTCG
AGCCAGCGGTCATCAATGC

Forward

CATTGATGACCGCTGGCTCGAAGGG
GACGGTATTGTAAATACCG

Reverse

GGTATTTACAATACCGTCCCCTTCGA
GCCAGCGGTCATCAATGC

Forward

GGAACGATATGGGCACCTGTGGAGT
GGATCATCTGGAAGTG

Reverse

CACTTCCAGATGATCCACTCCACAGG
TGCCCATATCGTTCC

A112G

H113A

H113G

W314G

E316G

N317G

N356G
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Forward

GAACGATATGGGCACCTGTAACGGG
GATCATCTGGAAGTGATTGG

Reverse

CACCAATCACTTCCAGATGATCCCCG
TTACAGGTGCCCATATCGTTC

Forward

CCTGTAACGTGGATCATCTGGATGTG
ATTGGTGTTGATCCG

Reverse

CGGATCAACACCAATCACATCCAGA
TGATCCACGTTACAGG

Forward

CCTGTAACGTGGATCATCTGGGAGT
GATTGGTGTTGATCCG

Reverse

CGGATCAACACCAATCACTCCCAGA
TGATCCACGTTACAGG

V357G

E361D

E361G

Supplementary Table 15 Codon optimized gBlock sequence for GTL.
Name
Sequence
gBlock®
ATGATGAAAGGTTGCCGCGTGATGGTGGTGCTGTTAGGTCTGT
GGTTTGTTTTTGGCTTAAGTGTTCCGGGCGGCCGTACCGAAGCT
GCCAGCCCGCGTGCTAACGATGCGCCGATTGTGCTGCTGCATG
GCTTTACCGGCTGGGGTCGTGAAGAGATGCTTGGTTTTAAATAC
TGGGGCGGTGTGCGTGGCGATATCGAACAGTGGCTGAATGATA
ACGGTTATCGTACTTATACCCTGGCTGTCGGTCCATTAAGTAGT
AACTGGGATCGCGCCTGTGAAGCATATGCGCAGTTAGTTGGTG
GTACCGTCGATTACGGCGCAGCGCATGCGGCAAAACATGGTCA
TGCCCGTTTTGGTCGCACCTATCCTGGCCTGCTGCCGGAGCTGA
AACGCGGTGGTAGAGTGCATATTATTGCCCATTCACAGGGCGG
TCAGACCGCACGTATGCTGGTGAGCTTACTGGAAAATGGTTCG
CAGGAAGAACGCGAATATGCCAAAGCACATAACGTCAGTTTAT
CTCCGCTGTTTGAAGGTGGCCATCATTTTGTATTATCTGTAACC
ACCATCGCGACACCGCATGATGGCACCACTTTAGTTAATATGGT
TGACTTCACCGATCGCTTTTTTGATCTGCAAAAAGCGGTTTTAA
AAGCTGCGGCGGTGGCTTCTAATGTGCCATACACCAGCCAGGT
GTATGATTTCAAACTGGATCAATGGGGATTACGTCGCCAGCCG
GGTGAAAGTTTTGACCATTATTTCGAACGTCTGAAGAGAAGTC
CGGTGTGGACCTCTACTGATACCGCTCGTTATGACTTGAGCATT
CCGGGTGCAGAAAAATTAAATCAGTGGGTTCAGGCGTCACCAA
ACACCTACTATCTGTCTTTTTCAACAGAAAGAACCCATCGCGGC
GCGTTGACCGGTAACTATTATCCGGAACTGGGGATGAATGCAT
TTTCTGCAGTGGTTTGTGCGCCGTTTCTGGGTTCTTACCGTAATG
AAGCGCTGGGCATTGATGACCGCTGGCTCGAAAACGACGGTAT

152

TGTAAATACCGTTTCGATGAACGGCCCGAAACGTGGCAGCAGC
GATCGTATTGTTCCTTACGATGGTACGCTGAAAAAAGGCGTCTG
GAACGATATGGGCACCTGTAACGTGGATCATCTGGAAGTGATT
GGTGTTGATCCGAACCCGAGTTTCGATATTCGTGCGTTTTATTT
ACGCCTGGCGGAACAACTGGCATCGCTGCGGCCGGGTTCACAC
CATCACCATCACCATTGA
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Supplementary Table 16 Primers and gBlock fragments used for vector constructions.
Vectors
Psl16-tef-intronlip2prepro-BT(WT)
Psl16-tef-intronlip2prepro-BT1
Psl16-tef-intronlip2prepro-BT2
Psl16-tef-intronlip2prepro-BT3

WT

BT1

Primers
Forward
Reverse
GCAGACTATTGCCTCTAAC TGAACCGTGATGGTGATGGT
GGTTCATAAGCTAGCCTCA GATGTCGCTTCTGGAGAACT
TGTAATTAG
G
GCAGACCATTGCCTCCAAC TGAACCGTGATGGTGATGGT
GGTTCATAAGCTAGCCTCA GATGTCGCTTCTGGAGAACT
TGTAATTAG
G
GCAGACCATTGCCTCCAAC TGAACCGTGATGGTGATGGT
GGTTCATAAGCTAGCCTCA GATGTCGCTTCTGGAGAACT
TGTAATTAG
G
GCAGACCATTGCCTCCAAC TGAACCGTGATGGTGATGGT
GGTTCATAAGCTAGCCTCA GATGTCGCTTCTGGAGAACT
TGTAATTAG
G
CAGTTCTCCAGAAGCGACATCACCATCACCATCACGGTTCA
GTTGATGATGACGACAAAATTGTGGGCGGATACACTTGCG
GTGCTAACACTGTGCCTTACCAGGTCTCTCTGAACTCGGGA
TACCATTTCTGCGGCGGTTCCCTGATCAACTCTCAGTGGGT
CGTGTCCGCCGCTCACTGTTACAAGTCTGGCATCCAGGTCC
GACTCGGAGAGGACAACATTAACGTCGTGGAGGGCAACGA
GCAGTTCATCTCCGCCTCTAAGTCCATTGTGCACCCCTCTTA
CAACTCCAACACCCTGAACAACGACATCATGCTGATTAAG
CTCAAGTCTGCCGCTTCCCTGAACTCTCGAGTCGCTTCTATT
TCTCTCCCTACCTCCTGTGCTTCTGCTGGTACCCAGTGTCTG
ATTTCCGGCTGGGGTAACACCAAGTCCTCTGGAACCTCTTA
CCCCGACGTGCTGAAGTGCCTCAAGGCCCCCATCCTCTCCG
ACTCCTCTTGTAAGTCTGCTTACCCCGGACAGATTACCTCC
AACATGTTCTGCGCCGGCTACCTGGAGGGAGGCAAGGACT
CCTGCCAGGGTGACTCTGGTGGACCCGTCGTGTGTTCTGGA
AAGCTCCAGGGAATTGTCTCCTGGGGATCTGGCTGTGCTCA
GAAGAACAAGCCCGGCGTTTACACCAAGGTTTGTAACTAC
GTTTCCTGGATTAAGCAGACTATTGCCTCTAACGGTTCATA
AGCTAGCCTCATGTAATTAG
CAGTTCTCCAGAAGCGACATCACCATCACCATCACGGTTCA
GTTGATGATGACGACAAAATCGTCGGCGGATACGAGTGTG
GCGCCAACACCGTGCCCTACCAGGTCTCCCTGAACTCTGGA
TACCACTTCTGTGGTGGCTCTCTGATTAACTCCCAGTGGGT
GGTCTCTGCCGCTCACTGCTACAAGTCCGACATCCAGGTCC
GACTGGGAGAGGACAACATTAACGTGGTCGAGGGCAACGA
GCAGTTCATCTCTGCCTCCAAGTCTATTGTGCACCCCTCCTA

154

BT2

BT3

CAACTCTAACACCCTGAACAACGACATCATGCTGATTAAGC
TGAAGTCCGCCGCTTCTCTGAACTCCCGAGTCGCTTCCATC
TCTCTGCCCACCTCTTGTGCCTCCGCTGGTACCCAGTGCCTG
ATTTCTGGTTGGGGCAACACCAAGTCTTCCGGAACCTCCAA
CCCCGACCTGCTGAAGTGTCTGAAGGCCCCCATCCTGTCTG
ACTCTTCCTGCAAGTCCGCTTACCCCGGACAGATTACCTCT
AACATGTTCTGCGCTGGTTACCTGGAGGGCGGCAAGGACT
CGTGCCAGGGCGACTCCGGCGGACCTGTGGTCTGCTCTGGC
AAGCTGCAGGGAATCGTGTCCTGGGGATACGGTTGTGCCG
AGCACAAGAACCCCGGAGTGTACACCAAGGTCTGCAACTA
CGTGTCTTGGATCAAGCAGACCATTGCCTCCAACGGTTCAT
AAGCTAGCCTCATGTAATTAG
CAGTTCTCCAGAAGCGACATCACCATCACCATCACGGTTCA
GTTGATGATGACGACAAAATCGTCGGCGGATACACCTGTG
GCGCCAACACCGTGCCCTACCAGGTCTCCCTGAACTCTGGA
TACCACTTCTGTGGTGGCTCTCTGATTAACTCCCAGTGGGT
GGTCTCTGCCGCTCACTGCTACAAGTCCGGTATCCAGGTCC
GACTGGGCGAGGACAACATTAACGTGGTCGAGGGCAACGA
GCAGTTCATCTCTGCCTCCAAGTCTATTGTGCACCCCTACT
ACAACTCTAACACCCTGAACAACGACATCATGCTGATTAA
GCTGAAGTCCGCCGCTTCTCTGAACTCCCGAGTCGCTTCCA
TCTCTCTGCCCACCTCTTGTGCCTCCGCTGGTACCCAGTGCC
TGATTTCTGGTTGGGGCAACACCCTGTCTTCCGGAACCTCC
TACCCTGACGTGCTGCCTTGTCTGAAGGCTCCCATCCTGTC
TGACTCTTCCTGCAAGTCCGCTTACCCCGGACAGATTACCT
CTAACATGTTCTGCGCTGGTTACCTGGAGGGCGGCAAGGA
CTCGTGCCAGGGCGACTCCGGCGGACCTGTGGTCTGCTCCG
GCAAGCTGCAGGGAATCGTGTCTTGGGGATCCGGTTGTGCC
CAGAAGAACAAGCCCGGAGTGTACTACAAGGTCTGCAACT
ACGTGTCTTGGATCAAGCAGACCATTGCCTCCAACGGTTCA
TAAGCTAGCCTCATGTAATTAG
CAGTTCTCCAGAAGCGACATCACCATCACCATCACGGTTCA
GTTGATGATGACGACAAAATCGTCGGCGGATACACCTGTG
GCGCTAACACCGTGCCCTACCAGGTCTCCCTGAACTCTGGA
TACCACTTCTGTGGTGGCTCTCTGATTAACTCCCAGTGGGT
GGTCTCTGCCGCTCACTGCTACAAGTCCGGTATCCAGGTCC
GACTGGGCGAGGACAACATTAACGTGGTCGAGGGCAACGA
GCAGTTCATCTCTGCTTCCAAGTCTATTGTGCACCCCTCCTA
CAACTCTAACACCCTGAACAACGACATCATGCTGATTAAGC
TGAAGTCCGCCGCTTCTCTGAACTCCCGAGTCGCCTCCATC
TCTCTGCCCACCTCTTGTGCCTCCGCTGGTACCCAGTGCCTG
ATTTCTGGTTGGGGCAACACCAAGTCTTCCGGAGCCGACTA
CCCCGACGTGCTGAAGTGTCTGAAGGCTCCCATCCTGTCTG
ACTCTTCCTGCAAGTCCGCCTACCCCGGACAGATTACCTCT
AACATGTTCTGCGCCGGTTACCTGGAGGGCGGCAAGGACT
CGTGCCAGGGCGACTCCGGCGGACCTGTGGTCTGCTCCGGC
AAGCTGCAGGGAATCGTGTCTTGGGGATCCGGTTGTGCTCA
GAAGAACAAGCCCGGAGTGTACACCAAGGTCTGCAACAAC
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GTGTCTTGGATCAAGCAGACCATTGCCTCCAACGGTTCATA
AGCTAGCCTCATGTAATTAG
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Supplementary Figure 36

Sequence Correlation. The histogram(a) shows a reasonably

narrow distribution with a mean pairwise identity between sequences of about 55% to 90%,
suggesting that most sequences are about equally similar from other. It can be further
examined by the direct visualization of the sequence similarity(S) matrix. The similarly
matrix basically recapitulates what the histogram tells. There are a few small clades of
more related BT sequences, but in general, the alignment is comprised of homogeneously
similar ensemble of sequences.

Red indicates highly coupled positions, blue indicates

positions with little or no coupling. Image produced using Matlab v.2016b.
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Supplementary Figure 37 Positional Conservation. The degree of sequence conservation
is plotted along the protein sequence with high values indicating high conservation. The
plotted value is a Z-score like measure referred as ∆G. The plot corresponds to the diagonal
elements in Figure 3.1. The plot was produced using Matlab v.2016b.
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Supplementary Figure 38 Eigenmodes of SCA Matrix
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Supplementary Figure 39 Top Eigenmodes – 3D
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Supplementary Figure 42 Mapping Sequence Space by Positional Correlations
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Supplementary Figure 44

Sectors: Primary and Secondary Structure. Three different

coevolved sectors are colored in blue, green and red. The figure is produced by Matlab
v.2016b.

Supplementary Figure 45 The kcat value of WT over temperatures.

Supplementary Figure 46 The Eyring plot of WT.
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Supplementary Table 17 Primers and gBlocks used for vector constructions and qPCR
Primers
Vectors
Forward
Reverse
PSL16-tef-intronTCATGTAATTAGTTATGT CCGCAGTTCTCCAGAAGC
lip2prepro-T4
C
GA
PSL16-tef-intronlip2pre-T4
PSL16-tef-lip2pre-T4
PSL16-tef-intron-T4

PSL16-tef-intronlip2pre-T4-B1-tefintron-Ste13

PSL16-tef-intronlip2pre-T4-B1-tef(star)Ste13

GCTGCCGCCCTCCCTTCCCC
CATGAACATCTTCGAGATG
C
CCTTCTGAGTATAAGAATC
ATTCAAAATGAAATTTCCA
CCATCCTCTTC
CATCTCGAAGATGTTCATC
TGCGGTTAGTACTGC
CTTTTTGCAGTACTAACCGC
AGATGTCTGCTTCAACTCA
TTC

AGATGTTCATGGGGGAAGG
AGG
TTTGAATGATTCTTATACTC
AGAAGG

GCAGTACTAACCGCAGATG
AACATCTTCGAGATGC
AACTAATTACATGAGGCTA
GCTTACAGCTCGTCTCGTAA
ATGCAAAACTTCAGTGTTG
GACGCTCGAAGGCTTTAATT
ATCATGGTCATAGCTGTTTC TGCGCGATCGCCGTATTACG
CTG
TAGATCCAGACAGGCGCGC
C
CTTTTTGCAGTACTAACCGC AACTAATTACATGAGGCTA
AGATGTCTGCTTCAACTCA
GCTTACAGCTCGTCTCGTAA
TTC
ATGCAAAACTTCAGTGTTG
GCTAGCCTCATGTAATTAG CTGCGGTTAGTACTGC

AACTAATTACATGAGGCT
CTTTTTGCAGTACTAACC
AGCTTACAGCTCGTCTCG
GCAGATGTCTGCTTCAAC
TAAATGCAAAACTTCAGT
TCATTC
GTTG
GACGCTCGAAGGCTTTAA
ATCATGGTCATAGCTGTT TTTGCGCGATCGCCGTAT
TCCTG
TACGTAGATCCAGACAGG
CGCGCC
AGTATAAGAATCATTCAAA
ATGATGTCTGCTTCAACTC
ATTC
GCTAGCCTCATGTAATTAG
GCCGCCCTCCCTTCCCCCAT
GGTGAGCAAGCAGATC
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AACTAATTACATGAGGCTA
GCTTACAGCTCGTCTCGTAA
ATGCAAAACTTCAGTGTTG
CATTTTGAATGATTCTTATA
C
GGTGATGGTGATGGTGACT
ACCCACCCACTCGTGCAG

PSL16-tef-intronlip2pre-GFP
PSL16-tef-intronlip2prepro-GFP
PSL16-tef-intronlip2pre- - Amylase
PSL16-tef-intronlip2prepro- -Amylase
PARENT_nsiI_Crispr_PA
H1_Leu
qPCR T4 lysozyme
Beta-actin

-amylase

GGTAGTCACCATCACCATC
ACC
CGCAGTTCTCCAGAAGCGA
ATGGTGAGCAAGCAG
GGTAGTCACCATCACCATC
ACC
GGTAGTCACCATCACCATC
ACC
CGCAGTTCTCCAGAAGCGA
GAGAAGGAAGAGCGAACC
GGTAGTCACCATCACCATC
ACC
CCACACAACCACACGATG

GGGGAAGGAGGCGGC
GGTGATGGTGATGGTGACT
ACCCACCCACTCGTGCAG
TCGCTTCTGGAGAACTGCG
GGGGGAAGGAGGGCGGC
TTAATGGTGATGGTGATGGT
GACTAC
GGGGGAAGGAGGGCGGC

GGCTTACTTGCCCCCAA
AAGGACACCGAGGGTTACT
A
TGGTAATCACGCCGTTACAG
AAAGACCTCTATGCCAACA GCAGTGATCTCCTTCTGCAT
CA
C
GAGAAGGAAGAGCGAACCTGGCAGGACGAGGCCATCTACT
TCATTATGGTGGACCGATTCAACAACATGGACCCCACCAAC
GACCAGAACGTCAACGTGAACGACCCCAAGGGATACTTCG
GCGGTGACCTCAAGGGCGTGACCGCCAAGCTGGACTACAT
CAAGGAGATGGGCTTCACCGCTATCTGGCTGACCCCCATTT
TCAAGAACATGCCCGGAGGCTACCACGGTTACTGGATTGA
GGACTTCTACCAGGTGGACCCCCACTTCGGCACCCTGGGTG
ACCTCAAGACCCTGGTCAAGGAAGCCCACAAGCGAGACAT
GAAGGTCATCCTGGACTTCGTCGCTAACCACGTGGGTTACA
ACCACCCCTGGCTGCACGACCCCACCAAGAAGGACTGGTT
CCACCCCAAGAAGGAGATTTTCGACTGGAACGACCAGACC
CAGCTGGAGAACGGATGGGTCTACGGACTCCCCGACCTGG
CTCAGGAGAACCCCGAGGTGAAGACCTACCTCATCGACGC
CGCTAAGTGGTGGATCAAGGAGACCGACATTGACGGCTAC
CGACTGGACACCGTCCGACACGTGCCCAAGTCCTTCTGGCA
GGAGTTCGCTAAGGAAGTCAAGTCTGTGAAGAAGGACTTC
TTCCTGCTGGGAGAAGTGTGGTCTGACGACCCTCGATACAT
CGCCGACTACGGAAAGTACGGCATTGACGGTTTCGTGGAC
TACCCCCTCTACGGTGCTGTGAAGCAGTCCCTGGCTCGACG
AGACGCTTCTCTCCGACCCCTGTACGACGTCTGGGAGTACA
ACAAGACCTTCTACGACCGACCCTACCTGCTCGGTTCCTTC
CTCGACAACCACGACACCGTGCGATTCACCAAGCTGGCCA
TCGACAACCGAAACAACCCCATCTCTCGAATTAAGCTCGCC
ATGACCTACCTGTTCACCGCTCCCGGCATCCCCATTATGTA
CTACGGCACCGAGATCGCCATGAACGGTGGACAGGACCCC
GACAACCGACGACTCATGGACTTCCGAGCTGACCCCGAGA
TCATTGACTACCTCAAGAAGATTGGACCTCTGCGACAGGA
GCTCCCCTCCCTGCGACGAGGTGACTTCACCCTGCTCTACG
AGAAGGACGGAATGGCCGTCCTGAAGCGACAGTACCAGGA
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T4 lysozyme

hrGFP

CGAGACCACCGTGATCGCTATTAACAACACCTCTGAGACCC
AGCACGTCCACCTCACCAACGACCAGCTGCCCAAGAACAA
GGAGCTCCGAGGATTCCTGCTCGACGACCTGGTGCGAGGT
GACGAGGACGGATACGACCTGGTCCTCGACCGAGAGACCG
CTGAGGTGTACAAGCTGCGAGAGAAGACCGGTAGTCACCA
TCACCATCACCATTAA
ATGAACATCTTCGAGATGCTGCGAATTGACGAGGGACTGC
GACTGAAGATCTACAAGGACACCGAGGGTTACTACACCAT
CGGCATTGGACACCTGCTGACCAAGTCTCCCTCCCTGAACG
CCGCTAAGTCTGAGCTGGACAAGGCCATCGGTCGAAACTG
TAACGGCGTGATTACCAAGGACGAGGCTGAGAAGCTGTTC
AACCAGGACGTGGACGCTGCTGTCCGAGGTATCCTGCGAA
ACGCCAAGCTGAAGCCTGTGTACGACTCCCTGGACGCCGTC
CGACGATGCGCTCTGATTAACATGGTGTTCCAGATGGGAG
AGACCGGCGTCGCTGGATTCACCAACTCTCTGCGAATGCTG
CAGCAGAAGCGATGGGACGAGGCCGCTGTGAACCTGGCCA
AGTCCCGATGGTACAACCAGACCCCCAACCGAGCTAAGCG
AGTCATTACCACCTTCCGAACCGGAACCTGGGACGCCTACA
AGAACCTGTAA
ATGGTGAGCAAGCAGATCCTGAAGAACACCGGCCTGCAGG
AGATCATGAGCTTCAAGGTGAACCTGGAGGGCGTGGTGAA
CAACCACGTGTTCACCATGGAGGGCTGCGGCAAGGGCAAC
ATCCTGTTCGGCAACCAGCTGGTGCAGATCCGCGTGACCAA
GGGCGCCCCCCTGCCCTTCGCCTTCGACATCCTGAGCCCCG
CCTTCCAGTACGGCAACCGCACCTTCACCAAGTACCCCGAG
GACATCAGCGACTTCTTCATCCAGAGCTTCCCCGCCGGCTT
CGTGTACGAGCGCACCCTGCGCTACGAGGACGGCGGCCTG
GTGGAGATCCGCAGCGACATCAACCTGATCGAGGAGATGT
TCGTGTACCGCGTGGAGTACAAGGGCCGCAACTTCCCCAA
CGACGGCCCCGTGATGAAGAAGACCATCACCGGCCTGCAG
CCCAGCTTCGAGGTGGTGTACATGAACGACGGCGTGCTGG
TGGGCCAGGTGATCCTGGTGTACCGCCTGAACAGCGGCAA
GTTCTACAGCTGCCACATGCGCACCCTGATGAAGAGCAAG
GGCGTGGTGAAGGACTTCCCCGAGTACCACTTCATCCAGCA
CCGCCTGGAGAAGACCTACGTGGAGGACGGCGGCTTCGTG
GAGCAGCACGAGACCGCCATCGCCCAGCTGACCAGCCTGG
GCAAGCCCCTGGGCAGCCTGCACGAGTGGGTGTAA
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c

Supplementary Figure 47 Evaluation of the combination of intron sequence and lip2PrePro
secretion signal on enzyme secretion. a. Evaluation of the combination of intron sequence
and lip2PrePro secretion signal on T4 lysozyme secretion. b. Effect of pro sequence on the
expression of hrGFP. c, Effect of pro sequence on the expression of ⍺-Amylase.
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Appendix D
Supplementary Tables and Figures for Chapter 5
D.1 Motivation
Genomic scale engineering has been a new direction to maximize the potential of
microbes as the cell factory to produce value-added chemicals and biomolecules. Different
strategies including adapted lab evolution (ALE), random induced mutagenesis and
CRISPR-Cas9 based interference coupled with high-throughput screening has been proven
effective in screening the best variants [1, 2]. To further improve the protein secretion in
Yarrowia lipolytica, a previously constructed CRISPR-Cas9 knockout library was
transformed into the strain with -amylase integrated in the genome [3]. Each gene was
targeted by gRNA on 6 different regions to maximize the coverage. The transformants were
plated on agar plates with only starch as the carbon source to screen the right transformants
based on the growth size on the plates. To better select the good secretors from the
transformation library, we test the selectivity effect of the YSC-Leu agar plates.

D.2 Methods
The CRISPR-Cas9 knockout library was transformed into Yarrowia lipolytica by
following the standard transformation method as reported before [3]. 5 × 106 transformants
were stored in glycerol stock with OD600 at 8. To evaluate how much cell can be lost in the
transfer from the glycerol stock and plot on the agar starch plate, 1.2 EF glycerol stock was
plated directly, or spun down at 2000g and washed with ddH2O and then plated on YSCLeu+2% glucose and YSC-Leu+2% starch plates separately. It can be found that the plate
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with glucose as the carbon source have more colonies than the one with starch. To find
better secretors from the CRISPR-Cas9 knockout library, the whole library transformants
was screened on the agar plates. The best secretors from each plates were further screened
by inoculating them into a new YSC-Leu+2% starch agar plates.

Supplementary Figure 48 Colony viability after ddH2O wash when grown on different
media. BW: cells before wash with ddH2O. AW: cells after wash with ddH2O. To evaluate
how much cell can be lost in the transfer from the glycerol stock and plot on the agar starch
plate, 1.2 GH glycerol stock was plated directly, or spun down at 2000g and washed with
ddH2O and then plated on YSC-Leu+2% glucose and YSC-Leu+2% starch plates
separately. It can be found there is a significant decrease on the cell after wash with ddH2O.
This is caused by the cell loss in the washing process. Around half of the cells are able to
grow on YSC-Leu+2%starch plate compared to YSC-Leu+2% glucose plate. Colonies
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growing on (AW)YSC-Leu+2% glucose was used to quantify how many library colonies
were processed.

Supplementary Figure 49 Colony selection. To find better secretors from the CRISPRCas9 knockout library, the whole library transformants was screened on the agar plates.
The circled colony was the one that has been picked and the arrowed halo circle is caused
by contamination. It can be found that even though the whole colony was picked, it grew
back into the biggest size again on this plate after 1 day incubation at 28oC. Around 200
colonies was grown on this plate.
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Supplementary Figure 50 Colony growth race. To further screen the best secretors from
the selected colonies in Figure 49, all the biggest colonies were selected from the starch
plates and transferred to new plate sequentially with 10 GH tip with a gentle touch on the
colonies to semi-quantify the inoculation amount. After 2 days growth at 28oC, colonies
still show difference in their sizes.

Supplementary Figure 51 Screening of CRISPR-Cas9 knockout library on starch agar
plate. A, YSC-Leu+2% GlucoseT4 lysozyme integrated and transformed with CRISPRCas9 KO library, colony number: ~30; B, YSC-Leu+2% Starch T4 lysozyme integrated
and transformed with CRISPR-Cas9 KO library, colony number: ~3. The purpose of this
experiment is to test the selectivity of the starch agar plate. It proves that starch will inhibit
the growth of non-amylase secreted colonies.
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Supplementary Figure 52 YSC-Leu contributes carbon source to the growth
of cell. A, YSC-Leu+2% Starch,

-amylase integrated and transformed with

CRISPR-Cas9 KO library, colony number: ~30; B, YSC-Leu, -amylase integrated
and transformed with CRISPR-Cas9 KO library, colony number: ~10. The purpose
of this experiment is to test whether YSC-Leu media only can contribute carbon
source to the growth of cell. 2 Gl of glycerol stock with OD600 at 8 was used to inoculate
on the plates.
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Appendix E
Supplementary Tables and Figures of Unpublished Results

E.1 Motivation
The first part is about the study of T4 lysozyme. There is widespread use of
enzymes as biocatalysts in applications ranging from biofuel production to the
development of bio-sensors. The market value of enzymatic biocatalysts in 2013 was
estimated to be over 4 billion USD, and is expected to increase by 2 billion by 2018.
Immobilization can enhance enzyme lifetime, stability and expands opportunities in the
application of enzymes on advanced materials. The reusability of immobilized enzymes
reduces cost of purification and recovery in processing and product development. Main
issues regarding immobilization surround adverse effects on protein folding and active site
accessibility that result in substrate diffusion limitation, loss of stability, and loss of
catalytic activity and specificity. Site directed immobilization enables better control of the
immobilized enzyme orientation [1]. There is a lack of fundamental understanding between
enzyme-linker-material mechanics in covalently linked enzyme immobilization. This
research aims to give insight on these interactions to better design enzyme immobilization
strategies. To achieve this goal, cysteine mutations of T4 lysozyme were designed and
purified by cation exchange column. The initial specific activity of WT and mutants were
compared.
The second part is about the study of the thermophilic TtAgo. TtAgo is an
Argonaute found in Thermus thermophiles and its crystal structure has been reported [2].
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When in cleavage incompatible state, the three catalytic Asp residues (478, 546, 660) are
not properly positioned relative the cleavable phosphate, and Glu512 is positioned outside
and far away from the catalytic pocket. The cleavage compatible state is formed with the
reposition of Glu512 and Mg2+ after the release of the guide DNA from PAZ pocket [2].
The optimum temperature of TtAgo for the cleavage of target plasmid is found at 75oC
when supplied with a pair of siDNAs. It is postulated that the beta strand (residues 507509) at high temperatures will facilitate the orientation of Glu512 toward the catalytic
pocket, and the stable interaction between TtAgo and DNA [3]. And some opinions believe
that high temperature is necessary for the unwinding of supercoiled DNA. Due to these
bottlenecks in gene editing in mammalian cells, the search for mesophilic Argonautes is of
significant importance.
As members of thermophilic enzymes, TtAgo also shared same structural features.
It is generally believed that the structural rigidity, tighter hydrophobic cores, shorter loops
and high number of charged residues contribute to the catalytic activities at high
temperatures. By comparing the structure and thermodynamic parameters with mesophilic
homologues, it is hypothesized that thermophilic enzymes can be introduced with the cold
activity as long as the structure has more local or overall flexibility which can lead to less
activation enthalpy and entropy values [4-6]. In our study, we tried to improve the activity
of TtAgo at lower temperatures, the cleavage efficiency of TtAgo over different contents
of GC regions were first studied and compared.
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E.2 Methods
E.2.1 Purification of T4 lysozyme and TtAgo
T4 lysozyme was first expressed in E.coli (DE3) under the induction of 200 EM
IPTG(isopropyl . -d-1-thiogalactopyranoside) at 18oC for 12 hours. Cell culture was
centrifuged at 3000g for 5 minutes to pellet the cells. Cell pellets was resuspended in lysis
buffer and then sonicated for 30 minutes at 0oC with 5s on and 5s off frequency. The
sonicates was centrifuged at 10000 g for 30 mintues at 4oC to fully separate the cell debris
from the soluble T4 lysozyme. Supernatant containing soluble T4 lysozyme was applied
into cation column. A cation exchange column was used during FPLC to separate
lysozyme, which has a isoelectric point of 9.59. 20 mM Tris-HCl (pH 8) was used as the
washing buffer (WB). Protein was eluted with an increasing ionic strength gradient
achieved by adding 100 mM NaCl to the washing buffer.
TtAgo was expressed and purified by following the protocol reported previously
[2]. TtAgo was first cultured with 60 ng/ml streptomycin at 37oC till the OD is 0.7-0.8, and
then induced with 1mM IPTG at 20oC for 16 hours. Cell culture was first centrifuged at
3000g for 5 minutes to harvest the cell pellets. Cell pellets was then resuspended in buffer
1 (20 mM Tris-HCl, 1 M NaCl, 2mM MnCl2, pH8.0) and sonicated for 30 minutes. Soluble
TtAgo was then separated from the cell debris by centrifuging the sonicates at 10000 g for
10 minutes at 4oC. Supernatant was applied on Strep Trap column. The column was first
equilibrated with buffer 1 and then washed with 9 column volumes of buffer 1 and 9
column volumes of buffer 2 (20 mM Tris-HCl, 0.5 M NaCl, 2 mM MnCl2, pH 8.0) after
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loading samples. Pure TtAgo was eluted with buffer 3 (20 mM Tris-HCl, 0.5 M NaCl, 2
mM MnCl2, 2.5 mM d-Desthiobiotin, pH 8.0)

E.2.2 Activity Measurement of T4 lysozyme and TtAgo
Specific Activity of T4 Lysozyme measured at (494 nm adsorption, 518 nm
excitation) 37°C for 60 minutes by using a standard EnzChek® Lysozyme Assay Kit.
Purified TtAgo, ssDNA guides and plasmid targets were mixed in a 25:5:1 ratio
(TtAgo:guide:target) in 2x Reaction Buffer(20mM Tris-HCl pH8.0, 250mM NaCl
supplemented with 0.5mM MnCl2). Samples were incubated for 16 h at 75 oC. Reactions
were stopped by adding Proteinase K solution (Ambion) and CaCl2 (final concentration,
5mM) and samples were incubated for 1 h at 65 oC. Samples were mixed with 6x loading
dye (Fermentas) before they were resolved on 0.8% agarose gels. Agarose gels were
stained with SYBR safe or SYBR gold Nucleic Acid Gel Stain (Invitrogen) and nucleic
acids were visualized using a G:BOX Chemi imager (Syngene).
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Supplementary Figure 53 Flow chart depicting the multi-step process of expressing and
purifying protein product of T4 lysozyme from E. coli. A cation exchange column was
used during FPLC to separate lysozyme, which has a isoelectric point of 9.59. 20 mM TrisHCl (pH 8) was used as the washing buffer (WB). Protein was eluted with an increasing
ionic strength gradient achieved by adding 100 mM NaCl to the washing buffer. WT*
yielded 117 ng/µL of lysozyme, while the R96C and L91C had yields approximately 8
ng/µL.
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Supplementary Figure 54 SDS-PAGE depicting the purified WT* enzyme (concentrated
100 fold).

Supplementary Figure 55

Specific Activity of T4 Lysozyme measured at (494 nm

adsorption, 518 nm excitation) 37°C for 60 minutes. Results shown are normalized to an
enzyme concentration of 1.67 ng/µL. R96C and L91C retained 40% and 30% of the WT*
activity respectively. A standard EnzChek® Lysozyme Assay Kit was used to measure the
activity of the enzymes.
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Supplementary Figure 56

Cleavage of pUC19 plasmid with TtAgo. E: Molar ratio

TtAgo:guides:puc19= 25: 5: 1, B: No TtAgo added, L: linearized puc19. Reaction
temperature is 75oC for 16 hours. The purpose of this experiment is to investigate the
effects of GC content in affecting the TtAgo cleavage activity.
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Supplementary Figure 57

Improving the supercoil plasmid in MiniPrep. RT: room

temperature. CR: cold room. The purpose of the experiments and the comparison is to test
whether the miniprep temperature will affect the yield of supercoil plasmid.
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